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The  present  monograph  illuminates  the  theory,  methods  of  study, 
and  range  of  application  of  reactions  In  mixtures  of  solid  substances, 
which  form  the  basis  for  preparation  of  many  important  structural  and 
various  other  types  of  materials. 

In  addition  to  describing  the  structure  and  physicochemical  prop¬ 
erties  of  crystalline  bodies  and  their  behavior  on  heating,  which  is 
associated,  among  other  things,  vilth  processes  of  diffusion,  sintering 
recrystallization,  fusion,  sublimation  and  polymorphic  transformations 
the  book"  examines  the  mechanism,  thermodynamics,  kinetics,  classifica¬ 
tion  principles,  and  methods  of  controlling  the  rate  of  chemical  reac¬ 
tions  in  solids.  The  results  of  numerous  investigations  of  the  proc¬ 
esses  in  which  splnelldes,  tltanates,  zlrconates,  silicates  and  other 
technically  Important  compounds  are  formed  by  reactions  in  crystalline 
mixtures  are  presented. 

The  applications  of  the  above  reactions  in  the  technology  of  ad¬ 
hesives,  refractory  materials,  and  ceramic  products  are  examined.  Cer¬ 
tain  basic  problems  and  study  trends  for  reactions  in  solids  are  ex¬ 
amined  in  the  light  of  the  most  Important  problems  of  the  country's 
technical  progress. 

The  book  is  Intended  for  engineering-technical  8uid  scientific 
workers  in  the  s true txiral -materia Is  Industry  and  related  branches  of 
engineering. 


FTD-TT-62-911/1+2 


TABLE  OF  CONTENTS 


Foreword 


1 


Introduction 


4 


Ctiapter  1. 


1. 

2. 


I 


The  Structure  and  Physicochemical  Properties 

of  Solids  . 

The  Crystalline  State  of  Matter  . 

Strength  of  Lattice.  Surface- Energy  of  Solids 

Structure  of  Real  Crystals  . 

Powdered  (Granular)  Solids  .  .  . 


10 

16 

25 

32 


Chapter  2. 

§  1. 


2. 

3. 

4. 

5. 


Behavior  of  Solids  on  Heating  . 

Thermal  Motion  of  Particles  In  Solid.  Diffu¬ 
sion  In  Solids  . 

Recrystalllzatlon  . 

Fusion.  Heterogeneous  Equilibrium  . 

Sublimation . . 

Basic  T^es  of  Transformations  In  Solid  Sub¬ 
stances.  Polymorphism  . 


59 

59 

89 

113 

139 

145 


Chapter  3. 
§  1. 
§  2. 
§  3. 


§  4. 
§  5- 


Mechanism  of  Reactions  In  Mixtures  of  Solids. 
General  Premises.  "Elementary"  Processes  .  . 
Taramann-Khedval  Theory.  Kumakov  Theoj^y  .  .  . 
Origin  and  Growth  of  Seeds  of  New  Phase.  Role 

of  Interphase  Surface  . 

Part  Taken  by  Gaseous  and  Liquid  Phases  .  .  . 
Sequence  of  Chemical  Transformations  .... 


157 

157 

165 

I83 

188 

208 


Chapter  4.  Thermodynamic  Characterization  of  Reactions  . 


Chapter  5« 
§  1. 
§  2. 
§  5. 

§ 

§  5. 
§  6. 


Kinetics  . 

History  of  Study  of  the  Problem  . 

General  Considerations  . 

Processes  Limiting  the  Rate  of  Chemical  Reac¬ 
tion  (The  Field  of  Chemical  Kinetics)  .  .  .  . 
Processes  Limited  by  the  Rate  of  Formation  of 

Seeds . . 

Processes  Limited  by  the  Rate  of  Diffusion 

(Diffusion  Region)  . 

Processes  Limited  by  Adsorption^  Sublimation 
and  Other  Phenomena.  Change  In  Reaction  Kine¬ 
tics  IXu>lng  Its  Progress.  Transitional  Region 


Chapter  6.  Principles  for  Classification  of  Reactions  In 
Crystalline  Mixtures  . 


215 

236 

236 

247 

252 

263 

272 

288 

299 


FTD-TT-62-911/1+2 


-  1  - 


Chapter  7. 


1. 

2. 


1: 


Influence  of  Basle  Conditions  of  Process  Flow 

on  Its  Rate  . 

Oranulonetrle  Conposltlon  of  Mixture  .... 
Chemical  Conposltlon  of  Mixture.  Accelerators 

Temperature . . 

Pressure  . 


Chapter  8. 


§  1. 


Methods  of  Experimental  Study  of  Rsaetlons  In 

Solids  . 

Ihemography . 

DLlatometry  .  .......  . 

Coiqplex  niermal  Aimilysls . 

X-Ray  Diffraction  Study  ......  . 

Electron-Microscope  Investigation  . 

Immersion  Method . 

Isotope  Method  .........  . 


319 

319 

332 

341 

349 


357 

359 

362 

363 

365 

372 

375 

376 


Chapter  9. 


1. 

2. 


I 


Results  of  Investigation  of  the  Most  Important 

Reactions  in  Solids  .  . 

Single -Component  Systems  . 

Spinelides  and  Similar  Compounds  . 

Tltanates,  Stannates  and  Zlrconates  . 

Silicates  . 


445 

452 


Chapter  10.  Certain  Fields  of  Technical  Application  of 

Reactions  In  Crystalline  Mixtures .  487 

I  1.  Ceramics  and  Refractories .  487 

%  2.  Cements .  499 

Conclusion . 510 


PTD-TT-62.91V1+2 


11 


FOREWORD 


I^lementatlon  of  the  grandiose  tasks  placed  before  the  country 
by  the  2l8t  Congress  of  the  CPSU  requires  further  balanced  development 
of  theoretical  and  applied  research  In  various  fields  of  knowledge  and 
universal  mobilization  of  the  attainments  of  science  for  their  exploita¬ 
tion  In  Industry. 

The  chemistry  of  solids  Is  one  of  the  most  Important  branches  of 
modern  science.  Hie  Importance  of  knowledge  concerning  reactions  in 
mixtures  of  crystalline  solids  from  the  standpoint  of  the  structural- 
materlals*  metallurgical,  and  chemical  industries  and  certain  other 
iiiQ>ortant  branches  of  technology  is  a  familiar  fact  at  the  present¬ 
time.  Uhls  science,  which  emerged  in  its  original  form  at  the  begin¬ 
ning  of  the  nineteen-twenties,  l.e.,  over  30  years  ago,  has  undergone 
continuous  development.  At  the  present  time.  It  Is  based  to  a  consider¬ 
able  degree  on  the  attainments  of  theoretical  and  experimental  physics 
and  physical  chemistry,  which  have  made  It  possible  to  account  for  and 
describe  many  phenomena  that  take  place  on  heating  of  crystalline 
solids. 

In  the  coiu'se  of  several  decades  of  work  by  numerous  Investiga¬ 
tors,  abundant  eaqperlmental  material  on  reactions  In  mixtures  of  crys¬ 
talline  solids  has  been  accumulated. 

There  is  no  doubt  of  the  necessity  of  elucidating  a  theory  of 
these  reactions  and  generalizing  at  least  the  most  Important  experi¬ 
mental  data  on  them.  At  the  same  time,  our  literature  is  gravely  defi¬ 
cient  in  this  field.  As  we  know,  only  a  single  relatively  short  mono- 
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graph  on  reactions  In  solids  has  been  published  In  the  USSR;  this  was 
vrritten  by  one  of  the  authors  In  collaboration  with  A.S.  Berezhnoy  [1] 
over  10  years  apco.  The  present  monograph  represents  an  attempt  to  fill 
this  gap. 

At  the  contemporary  level  of  knowledge  in  the  field  of  Interest 
to  the  authors  and  the  present  tempo  of  Its  development,  this  mono¬ 
graph  can  have  no  pretense  to  exhaustive  examination  of  all  or  even 
all  of  the  basic  problems  of  solid-state  chemistry.  The  authors  have 
set  themselves  the  much  more  modest  goal  of  devoting  brief  considera¬ 
tion  to  the  most  Important  problems  in  this  field  of  science. 

Not  all  of  the  aspects  of  reactions  In  mixtures  of  solids  have 
been  studied  with  uniform  thoroughness;  certain  results  of  work  by 
various  Investigators  are  contradictory;  the  basic  premises  cannot 
even  be  regarded  as  definitively  established.  As  regards  these  points. 
It  has  been  necessary  for  ua  to  restrict  ourselves  to  Indicating  the 
doubtfulness  of  the  corresponding  data  or  to  formulating  problems  for 
further  research. 

The  reactions  to  be  considered  in  the  material  that  follows  and 
the  substances  obtained  by  them  eire  of  great  technological  Importance. 
Study  of  some  of  them  is  of  considerable  theoretical  interest  in  that 
it  opens  possibilities  for  generalizations  in  the  field,  for  example, 
of  the  reaction  mechanism  in  solids.  Other  reactions  enable  us  to  pro¬ 
duce  new  products.  Investigation  of  whose  properties  may  lead  to  their 
extensive  technical  utilization  (as  was  the  case  recently  in  connection 
with,  for  example,  a  number  of  Iron,  titanium,  zirconium,  beryllium 
and  uranium  compounds).  The  present  monograph  devotes  specific  atten¬ 
tion  to  different  reactions. 

The  authors  feel  themselves  obliged  to  express  their  profound 
gratitude  to  N.A.  Toropov,  V.P.  Barzakovskly  and  A.D.  Volkov  for  their 
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valuable  advice  and  consnentailes. 

Naturally,  the  work  being  presented  to  the  reader  la  not  free  of 
defects;  the  authors  will  accept  notification  of  these  with  gratitude. 
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INTRODUCTION 


Recentlyj  a  relatively  young  branch  of  science  concerned  with 
study  of  chemical  reactions  in  so'i-'ds  has  been  acquiring  increasing 
Importance.  In  the  contemporary  literature,  tiiis  dlvia  ;  n  is  imown  - 
under  the  name  of  solid-state  chemistry,  a  phrase  proposed  as  long  ago 

as  1902  by  P.M.  Plavltskiy  [2]. 

This  Itunplng  together  of  reactions  in  solids  having  the  most  di¬ 
verse  chemical  cconposltlons  and  properties,  which  will  sevm  somewhai. 
Strange  to  the  Inorganic  chemist  and  is  not  jtjstifled  by  the  old  clas¬ 
sical  chemistry  Is  the  result  of  at  least  two  causes. 

The  first  of  these  reasons  (which  is  of  a  purely  historical  na¬ 
ture)  consists  in  the  fact  that  reactions  of  i.his  typo  wore  avoided  by 
science  for  a  very  long  time:  as  we  knpw,  the  conviction  tl.at  solids 
do  not,  as  a  rule,  react  with  one  another  was  widely  held  up  lq  tiie 
beginning  of  the  XIX  century.  Study  of  the  so-called  solid-phase  reac¬ 
tions  was  begun  much  later  than  that  of  reactions  in  gases  and  liquids. 
As  a  result.  Information  concerning  reactions  in  solids  carae  to  foi-m, 
as  It  were,  an  Independent  region  of  chemistry  which  has  developed  to 
a  certain  degree  In  Isolation  from  its  other  regions. 

A  second  factor  that  has  resulted  in  unification  of  tiiese  reac¬ 
tions  into  a  large  common  group  consists  in  their  specific  nature, 

Which  differs  in  many  respects  from  that  of  reactions  in  gases  and  liq¬ 
uids.  The  fact  is  that  when  crystalline  solids  interact,  it  is  in  prac¬ 
tice  almost  impossible  for  an  Independent  chemical  event  to  occur  be¬ 
tween  them.  It  Is  inevitably  accompanied  (and  frequently  preceded)  by 
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the  various  physical  and  physicochemical  processes  that  are  Intimately 
related  to  It,  without  understanding  and  study  of  whose  laws  It  Is  Im¬ 
possible  not  only  to  manipulate  the  reactions  deliberately,  but  some¬ 
times  even  to  visualize  the  course  that  they  take.  Certain  processes 
In  solids  represent  Intimately  interwoven  physical  and  chemical  pheno¬ 
mena.  This  Is  the  reason  for  the  enormously  Important  role  taken  by 
physics  and  physical  chemistry  In  the  study  of  reactions  In  solids. 

At  the  present  time,  it  Is  well  known  that  Ideal  solid  bodies  do 
not  exist  In  practice.  In  exactly  the  same  way  as  there  are  no  Ideal 
liquids  and  gases.  However,  while  the  difference  between  real  and  . 
Ideal  liquids  and  gases  has  been  extensively  used  for  a  long  time  by 
technology  for  the  must  diversified  purposes,  researchers  and  engineers 
have  been  concerned  only  dtiring  the  last  20-30  years  with  systematic 
study  of  the  deviations  of  real  crystalline  bodies  from  ideal  bodies 
and.  In  particular,  artificial  creation  of  various  types  of  deviations 
In  the  crystal  lattice  with  the  object  of  making  practical  use  of  them. 
As  an  example,  the  so-called  defect  chemistry  of  crystals  and  the 
theory  and  technology  of  fabricating  semiconductor  materials  underv/ent 
serious  development  only  during  the  last  IO-I5  years.  To  this  we  should 
add  that  the  defects  mentioned  here  are  distinguished  by  wide  variety, 
while  the  characteristics  of  the  solid  that  are  associated  with  them 
are  sometimes  of  high  complexity.  Together  with  the  above -noted  variety 
of  processes  that  accompany  reactions  In  solids,  this  also  makes  Its 
Imprint  on  the  chemistry  of  solids.  As  a  result,  this  field  still  has 
many  unresolved  problems  of  a  theoretical  and  practical  nature. 

Hardly  the  least  of  these  Is  scientific  description  of  the  essen¬ 
tial  nature  and  mechanism  of  the  phenomena  that  accompany  this  kind  of 
traction  and  methods  of  exercising  deliberate  control  over  these  pheno¬ 
mena  with  the  objective  of  rigorous  regulation  of  both  their  direction 
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and  their  rate,  as  well  as  the  properties  of  the  products  obtained. 
Solution  of  this  problem  naturally  requires  a  conception  of  the  condi¬ 
tions  under  which  reactions  take  place  in  solids.  Usually,  these  reac¬ 
tions  occur  In  mixtures  of  powders,  l.e.,  solids  with  imperfect  con¬ 
tact  between  their  grains.  The  spaces  between  the  graln.s  are  filled 
with  a  fluid  or  gas  which,  together  with  the  granules  of  the  crystal¬ 
line  reagents,  forms  a  definite  physical  background  against  which  the 
reaction  takes  place.  During  accomplishment  of  the  reaction,  mass 
transfer  takes  place  between  th(:  phases,  possibly  with  pjartlclpatl  on 
of  all  of  the  phases  present.  Amons  other  things,  external  diffusion 
of  matter  between  granules  may  take  place  in  addition  to  Internal.,  in- 
tercryatalline  diffusion.  Consequently,  without  concerning  cui’seives 
here  with  the  relative  Importance  of  either,  we  may  note  that  in  the 
general  case,  study  of  intercrystailine  diffusion  is  Inadequate  to 
describe  the  mass-transfer  process  and,  accordingly ,,  the  reaction 
mechsuilsm  In  the  powder  raixtvjre.  This  will  requlrt  tliorouph  analysis 
of  the  parts  played  by  all  phases  in  the  reaction.  The  practical  im¬ 
portance  of  the  reactions  to  be  described,  -the  complexity  of  descriti- 
ing  the  relationships  that  they  embody,  and  the  ui’gency'of  the  tech¬ 
nical  problems  connected  with  them  have  made  them  the  object  of  per¬ 
sistent  research  over  the  course  of  many  years. 

Vfhen,  after  the  familiar  discoveries  of  Anosov  (I837),  Beketov 
(1859)  Chernov  (I877)  in  the  field  of  reactions  betv.'een  solids  and 
the  experimental  research  of  Spring  (I885-I888)  in  this  field,  the 
First  Mendeleyev  Congress  in  I907  discussed  a  report  by  Flavitskly  en- 
tltlca  'Basic  methods  and  reactions  in  solid-state  chemistry",  and 
even  when,  in  the  nineteen-twenties,  the  famous  investigators  Tammann 
and  Hedwal  published  their  series  of  monumental  reports  on  reactions 
cf  rhlr  type,  it  would  ha 'e  been  difficult  to  predict  that  they  would 

-  6  - 


become  a  major  and  Important  branch  of  chemical  engineering  and  form  a 
basis  for  many  important  industrial  processes. 

At  the  present  time,  solid-state  chemistry  forms  a  respectable 
branch  of  science  that  is  important  for  the  technology  of  silicates, 
metallurgy,  the  technology  of  the  basic  chemical  Industry,  and  many 
other  branches  of  contemporary  engineering. 

Many  highly  Important  indvistrlal  processes  are  accomplished  by  or 
with  pairtlclpatlon  of  reactloris  in  solid  mixtures.  To  evaluate  the  im¬ 
portance  of  these  processes  to  the  national  economy,  it  is  sufficient 
to  note  that  they  Include  reduction  of  iron  ores  in  the  production  of 
cast  iron,  the  formation  of  cementlte  clinker,  refractory  materials 
and  ceramic  products,  caustic  soda  and  certain  mineral  salts,  as  well 
as  roasting  of  sulfide  ores,  agglomeration  of  the  charges  in  the  pro¬ 
duction  of  alumina,  etc.  An  enormous  number  of  reactions  in  mixtures 
of  solids  have  been  reported.  These  Include  reactions  of  oxides, 
metals  and  sulfates  with  carbon,  metals,  and  sulfides,  the  production 
of  silicates,  ferrites,  alumlnoferrltes,  tltanates,  and  other  com¬ 
pounds  from  oxides,  reactions  between  various  salts  in  crystalline 
mixtures,  and  many  others. 

Researchers  in  various  countries,  notably  Bulgaria,  Germany,  the 
Soviet  Union,  the  USA,  Prance,  Czechoslovakia,  Sweden,  and  Japan,  have 
been  attacking  study  of  these  reactions  persistently  and  successfully 
over  the  course  of  the  last  several  decades. 

In  the  postwar  years,  over  a  thousand  papers  devoted  to  individual 
investigations  have  been  published,  together  with  several  generalizing 
monographs  concerned  directly  with  reactions  between  solids.  Several 
major  conferences  and  International  congresses  have  been  held  over  the 
last  few  years  to  consider  problems  of  reactions  In  solids.  These  have 
aroused  tremendous  Interest  In  scientific  and  industrial  circles. 
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Following  publication  of  the  reiiorts  of  Plavltskiy  (1902-1907)^ 
Cobb  (1909)  and  Hedwal  (1911-1914),  which  established  the  basic  possi¬ 
bility  and  natiire  of  many  reactions  In  crystalline  mlxtvires,  the  In¬ 
vestigations  of  Tammann,  Hedwu.i  and  their  school  in  1922-1924  laid  the 
foundations  for  systematic  study  of  these  reactions. 

The  original  goal  of  these  researchers  consisted  In  ascertaining 
the  direction  and  specific  properties  of  the  various  types  of  reac¬ 
tions  between  solids,  the  Influence  oxerted  upon  them  by  temperature, 
agitation,  and  certain  other  factors.  The  success  of  this  approach  was 
not  limited  slnqply  to  the  establishment  of  certain  particular  rela¬ 
tionships  and  general  qiialitatlve  laws  governing  the  so-called  solid- 
phase  reactions.  The  high  technical  importance  of  many  of  them  waf; 
also  ascertained  and  various  methods  were  developed  for  their  experi¬ 
mental  Investigation,  leading  to  the  next  stage  In  the  development  of 
research  In  this  field.  This  stage,  which  is  approximately  associated 
with  the  nineteen- thirties.  Is  characterized  by  the  broad  scope  of  the 
ejqperlmental  work  done  and,  accordingly,  by  the  accumulation  of  a 
l€U7ge  quantity  of  experimental  data  concerning  the  Influence  of  granu¬ 
lometric  and  chemical  composition  of  the  reaction  mixtures,  the  influ¬ 
ence  of  Impurities,  pressure,  gaseous-phase  composition,  and  many 
other  conditions  of  the  process  on  various  reactions  between  solid  sub¬ 
stances.  The  establishment  of  empirical  relationships  concerning  the 
questions  listed  above  and  certain  others  was  particularly  necessary 
In  connection  with  their  importance  for  the  technology  of  silicates 
and  for  metallvirgy.  These  years  saw  circumstantial  research  into  the 
reactions  which  result  In  formation  of  Portland-oement-clinker  min¬ 
erals,  alianlna  cement,  various  refractory  materials  and  glasses,  the 
reduction  processes  of  certain  crystalline  pxldes,  roasting  of  certain 
nonferrous  and  ferrous-metal  ores,  and  the  preparation  of  soluble  com- 
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pounds  of  aluinlnum«  chromium  and  a  number  of  other  elements.  Optimum 
compositions  of  the  initial  crystalline  mixtures  were  established,  to¬ 
gether  with  the  necessazy  conditions  for  their  hlgh-tenq;>erature  proc¬ 
essing  for  applications  In  technological  processes  of  various  branches 
of  Industry. 

The  postwar  years  witnessed  particularly  profound  study  of  the 
theory  of  reactions  In  crystalline  mixtures.  Efforts  toward  deliberate 
control  of  these  reactions  under  complex  industrial  conditions,  toward 
rigorous  purposive  regulation  of  these  conditions,  and  toward  radical 
Increases  in  the  rates  of  reactions  in  crystalline  mixtures  and  a  con¬ 
siderable  Improvement  in  the  quality  of  the  resulting  products  led  to 
circumstantial  study  of  their  mechanisms,  thermodynamic  characteris¬ 
tics,  kinetics,  and  intensification  factors. 

Systematic  research  in  this  field  is  being  prosecuted  success¬ 
fully  by  investigators  In  a  niimber  of  countries,  and  in  the  Soviet 
Union  and  Sweden  in  particular.  The  progress  made  in  these  projects 
has  made  an  important  contribution  to  extensive  development  of  a  theory 
of  solids  (particularly  crystal  chemistry  and  the  theory  of  diffusion 
in  solids)  and  a  theory  of  heterogeneous  physicochemical  processes  (in 
particular,  chemical  kinetics)  toward  the  nineteen-forties.  In  addi¬ 
tion,  the  relatively  widespread  use  of  new  methods  of  experimental  re¬ 
search  (radioactive  Isotopes,  improved  thermal  and  dllatometric  anal¬ 
yses,  electron-microscope  research,  x-ray  ionization  analysis,  and  so 
forth)  by  the  nineteen-forties  opened  major  possibilities  in  the  field 
of  study  of  processes  in  solids.  Modern  science  is  exploiting  these 
possibilities  with  even  greater  energy  In  view  of  the  fact  that  there 
are  still  many  points  to  be  researched  In  the  area  of  processes  of 


Chapter  1 

THE  STRUCTURE  AND  PHYSICOCHEMICAL  PROPERTIES  OP  SOLIDS 
§1.  THE  CRYSTALLINE  STATE  OF  MATTER 

Ab  we  know,  bodies  having  a  crystalline  structure  whose  laws  and 
nature  determine  their  properties  to  a  considerable  degree  are  known 
as  solids.  It  is  therefore  appropriate  to  preface  otac  elucidation  of 
problems  relating  to  reactions  in  solid  mixtures  with  a  brief  exposi¬ 
tion  of  contemporary  conceptions  of  the  crystalline  state  of  matter. 

The  particles  of  matter  in  the  crystalline  state  have  a  stable 
symmetrical  arrangement,  forming  a  crystal  space  lattice.  The  stiruc- 
t\u?e  of  the  lattice,  which  is  readily  established  at  the  present  time  . 
by  x-ray  techniques,  is  Intimately  related  to  the  chemical  structure 
of  the  material  in  the  majority  of  cases. 

As  was  shown  as  long  ago  as  I890  by  the  noted  crystallographer 
Fedorov  [3]^  this  relationship  can  be  observed  even  in  crystals,  al¬ 
though  in  a  somewhat  less  distinct  form.  Normally,  the  more  stable  the 
chemical  composition  of  the  body,  the  higher  will  be  the  degree  of 
symmetry  observed  in  its  crystal.  For  example,  5051^  of  the  elements  and 
about  705^  of  the  binary  compounds  form  cubic  crystals,  75  to  85J^  of 
compounds  with  four  to  five  atoms  in  the  molecule  form  hexagonal  and 
rhombic  crystals,  and  about  of  the  complex  organic  compounds  form 
rhombic  and  monocllnlc  crystals.  This  situation  is  accotinted  for  by 
the  fact  that  the  more  uniform  the  component  parts  of  the  crystal  lat¬ 
tice,  the  more  ordered  is  the  arrangement  that  they  assume  in  ^ace. 
Another  interesting  relationship  characteristic  of  the  link  be- 
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tween  the  structure  of  a  crystal  and  Its  chemical  composition  Is  the 
fact  that  structurally  analogous  molecules  of  matter  (e.g.,  BaSOj^, 
PhSOj^f  SrSOj^  or  CaCO^,  MgCO^,  PeCO^,  MnCO^,  ZnCO^)  crystalline  In  sim¬ 
ilar  crystalline  forms.  The  similarity  of  the  crystal  lattices  of  ^e 
isomorphic  series  of  substances  formed  In  this  manner  corresponds  to 
the  similarity  of  their  crystals. 

An  important  special  property  of  the  crystalline  state  of  matter 
is  its  anisotropy,  which  consist?  In  differences  In  the  physical  prop¬ 
erties  of  a  chemically  homogeneous  crystal  In  its  different  directions. 
Anisotropy  may  be  observed  in  the  mechanical,  optical,  dlffvuslon, 
thermal  and  electrical  properties  of  crystalline  bodies.  Among  other 
things,  it  Is  manifested  in  different  rates  of  crystal  growth  in  dif¬ 
ferent  directions,  with  the  result  that  some  of  the  crystal  faces  are 
developed  to  hl^er  degrees  than  others. 


Fig.  1.  Ionic  lattices,  a)  NaCl;  b)  CaF^; 
c)  C0C1. 


Fl«.  2.  Molecular  lattice 
(iodine):  1)  Ig. 
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Fig.  3*  Atomic  lattice  (dia¬ 
mond)  . 


Fig.  4.  Metallic  lattices,  a)  Body-centered 
cubic  (K,  Na,  Ba);  b)  face-centered  cubic 
(Cu,  Ag,  Au);  c)  hexagonal  compact  (Be,  Mg, 
Zn,  Cd);  d)  complex  cubic  (a-Mn)., 


The  structural  elements  forming  the  crystal  and  the  interaction 
forces  between  them  may  be  of  various  types.  In  accordance  with  this, 
we  distinguish  ionic,  molecular,  atomic  and  metallic  lattices.  Lat¬ 
tices  of  various  intermediate  types  are  also  quite  commonly  encoun¬ 
tered  in  practice.  It  has  been  established  by  research  that  the  bond 
in  the  lattices  of  many  crystalline  compounds  is  an  intermediate  form 
and  that  the  types  of  the  various  bonds  In  a  compound  formed  from 
three  or  more  chemical  elements  are  frequently  of  different  types. 
They  are  said  to  be  ionic,  atomic,  etc.  in  accordiance  with  the  nature 


of  their  predominating  bonding  forces. 

In  the  Ionic  or  heteropolar  lattice  that  is  characteristic  for 
the  majority  of  salts  and  typical  for  inorganic  compounds,  the  forces 
of  Interaction  between  Its  structural  elements  are  basically  electro¬ 
static.  Such  a  lattice  forms  a  regular  alternation  of  oppositely 
charged  ions  (Fig.  1)  that  are  jlinked  with  one  another  by  the  electri¬ 
cal  attractive  forces  of  the  various  charges. 

In  a  molecular  lattice  —  that  formed  by  molecules  (Pig.  2)  —  the 
Interaction  between  the  molecules  is  effected  by  dipolar  (between 
asymmetrical  polar  molecules)  and  polarization  (between  symmetrical 
nonpolar  molecules)  van  der  Waals  forces,  which  are  considerably 
weaker  than  the  forces  of  the  Intramolecular  covalent  bonds  and  the 
electrostatic  forces  (the  van  der  Waals  dipolar  bonding  forces  are 
particularly  small). 

Crystalline  Hg,  Ng,  Og,  Ig,  COg,  HgO  and  numerous  organic  com¬ 
pounds  have  such  a  structure. 

In  the  atomic  or  horaeopolar  lattice  (Fig.  3)  that  is  characteris¬ 
tic  for  many  nonmetals,  all  of  the  atoms  composing  the  lattice  are 
neutral  and  linked  to  one  einother  by  covalent  bonds;  their  nature  la 
fully  accounted  for  by  quantum  mechanics  [4-7].  The  homeopolar  bond 
produces  a  so-called  directional  valency;  under  Its  Influence,  the 
atoms  are  not  only  established  at  definite  distances  from  one  another, 
but  also  form  definite  spatial  conf lg\jratlons.  According  to  contempo¬ 
rary  conceptions,  the  metallic  lattice  (Pig.  4)  is  formed  by  neutral 
atoms  and  positive  ions,  among  which  free  electrons  (the  so-called 
"electron  gas")  move.  Since  none  of  the  structural  elements  in  the 
crystal  lattice  of  a  metal  has  a  preferential  bond  to  any  other  ele¬ 
ment,  such  a  crystal  may,  in  its  entirety,  be  regarded  as  a  single  gi¬ 
gantic  molecule. 


Let  U8  twn  to  the  atructiire  of  the  Ionic  lattice.  Since  the 
forces  of  mutual  attraction  (and  repulsion)  of  the  Ions  are  normally 
characterized  by  spherical  symmetry,  the  Ions  of  charges  of  opposite 
sign  will  behave  In  somewhat  the  same  way  as  hard  spheres  that  are  at> 
tracted  to  one  another.  In  view  of  this.  It  Is  customary  to  treat  Ions 
In  first  approximation  as  spherical.  The  lattice  structure  la  deter¬ 
mined  primarily  by  the  nattare  of  the  compound  (AB,  ABg,  A^^)*  !•«•» 
by  the  number  of  charges  and  the  distances  separating  them,  as  well  as 
by  the  relationship  between  the  radii  of  the  Ions  forming  the  lattice. 
The  chemical  nature  of  the  ions  is  not  reflected  in  the  lattice  struc¬ 
ture,  so  that  chemically  similar  compounds  may  ha'  sifliilar  or 

coirgsletely  different  lattices. 


TABLE  1 

Ionic  Radii  (A)* 


1 

1  2^*^ 

3-f 

1  h  1  4-r 

1  - 

1 

1  a-  1  a- 

3  n<MU<:>IITC.1bllUe 

1 

Li  0,68 
Na0,98 

K  1.33 
Rbl.49  1 
Ca  1.65 

Cu  0.98  1 

;  Agl.l3 
Aul.37 

Be  0.34 
Mg  0.74 
Ca  1,04 

Sr  1.20  1 
Ba  1,38 
Zn  0.83 
ca  0.99  1 
Hg  1.12 

1  Cu  0.80 

Sn  1,02 
,  Pb  1.26 
;  .Wn  0.91 

N1  0.74 

Co  0.78 

Fc  0,80 

B  0.30 

A1  0.57 

In  0.92  ■ 
Tl  1,05 

La  1,04 

CrO.64  1 
Fc  0,67  1 
As  0.69  I 
Sb0,90  j 

1 

C  0,15 

Si  0.39 

Ti  0.64 

7.x  0,82 

1  Tb0,95 

GeO.44 
Sn0,67 

1  Pb  0,76 

1  ,Mn  0.52 

1  V  0,61 

1  Mo  0,68 

W0.68. 
U  0.89 

1 

1 

1 

1 

1 

-  1 

1 

i 

1 

1 

1 

i 

! 

1 

1 

1 

! 

4  OrpiiutTC.ibHiie 

1 

1 

1 

■ 

- 

1 

F  1,33 

Cl  1 ,81  1 
Br  1,96  i 
5J  2,20  1 

i 

1 

0  1,36 

Se  1 .93 

S  1,82 
Te2.11 

N  1.48  1  C  3.'iu 

P  1.86  -Si  2.71 

As  1,91  !  Gc2.72 

Sb2.<8  Sn3.94 

♦After  Belov  [11]  and  Bokiy  [8]:  with  refinements  to  ;he  original  val¬ 
ues  of  Goldschmidt  [91  and  the  later  values  of  Pauling  [10],  proceed¬ 
ing  from  rQ_2  =  l-3o  and  new  data  on  the  structures  of  binary  conqjounds. 

1)  Ion;  2)  charge  on  Ion;  3)  positive;  k)  negative^  5)  I. 
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TABX£  2 

Coordination  Numbers  of  Lattice  Elements 

Lattice  configuration 


Ratio  of  radii 
of  lattice 
elements 

0.155  to  0.225 
0.225  to  O.klh 
0.414  to  0.732 
0.732  to  1 
-1 


Coor- 

dlnao 

tlon 

num¬ 

ber 


i 

6 

8 

12 


Hexagonal 
Tetrahedral 
Octahedral 
Centered  cubic 
Pace-centered  cubic 
or  hexagonal  contact 


Example  of  lattice 


Boron  nitride 
Zlncblende 
Rock  salt 
Cesium  chloride 
Alvimlnum,  copper 


Strictly  speaking.  Ions  do  not,  according  to  quantum-mechanical 
conceptions  [4-7  ]>  have  definite  radii.  By  the  terms  radius  and  effec¬ 
tive  radius  of  iin  Ion  In  a  lattice,  we  imply  the  smallest  distance  to 


vriilch  two  like  Ions  can  approach  one  another;  closer  Juxtaposition  Is 
opposed  by  the  repulsive  forces,  which  predominate  over  the  attractive 
forces  at  short  distances  when  the  electron  shells  come  Into  contact. 


In  the  formation  of  a  lattice,  the  ions  tend  to  form  the  most 
stable  possible  configuration  for  It,  which  corresponds  to  the  free- 
energy  minimum.  Ihls  corresponds  to  the  shortest  possible  distance  be¬ 
tween  unlike  ions  and  the  largest  possible  distance  between  like  ions. 

The  sum  of  the  radii  of  two  unlike  ions  in  a  lattice  is  the. dis¬ 
tance  at  which  the  repulsive  forces  of  the  electron  shells  offset  the 


attractive  force  of  differently  charged  ionic  centers.  The  attraction 
of  electrons  in  an  Ionic  crystal  toward  the  centers  of  positive  ions 
and  their  repulsion  from  the  centers  of  negative  ions  result  In  con¬ 
siderable  deformation  of  the  electron  shells.  Positive  and  negative 
Ions  of  the  same  electron  configuration  possess  different  sizes  In  a 
crystal:  the  anions  are  considerably  larger  than  the  cations. 

Naturally,  tho  numerical  values  of  the  effective  radii  of  differ¬ 


ent  atoms  will  be  different  (Table  1). 
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OlffeMnt  configiiratlons  of  the  lattice  are  stable  for  different 
values  of  the  radius  ratio  of  the  Ions  forming  the  lattice.  The  values 
of  these  ratios  have  been  established  by  simple  geometrical  Juxtaposl- 
tlons  of  the  type  that  is  quite  familiar  to  the  crystallographer  [11, 
12].  Thus,  we  know  that  with  ratios  between  Ionic  radii  of  -I;  0.732 
to  0.4l4j  0.4l4  to  0.225  and  <0.225  in  the  case  of  a  compoxind  of  type 
AB,  the  respective  stable  lattices  are  the  close -packed  hexagonal  and 
cubic,  the  cubic  (centered  cube),  octahedral,  tetrahedral  and  hexag¬ 
onal  (see  Table  2). 

An  Important  characteristic  of  the  crystal  lattice  is  the  coor¬ 
dination  number  of  its  ion  or  the  coordination  numbers  of  the  elements 
forming  It,  whether  Ions,  atoms,  or  molecules. 

The  coordination  nximber  of  am  ion  is  the  number  of  adjacent  (near¬ 
est)  oppositely  charged  ions  that  svirround  it  symmetrically.  This  num¬ 
ber,  vdiich  Is  governed  by  the  ratio  bet\/een  the  radii  of  the  Ions 
forming  the  lattice  may  be  the  same  (see  Fig.  la)  or  different  (see 
Pig.  lb)  for  different  Ions  of  the  lattice. 

The  lattice -element  coordination  numbers  corresponding  to  dif¬ 
ferent  values  of  the  radius  ratio  are  listed  In  Table  2. 

Ihe  ionic  radii  depend  to  a  considerable  degree  on  the  type  of 
coordination  of  the  lattice  that  they  form.  It  should  be  noted  in  this 
connection  that  the  radius  values  listed  In  Table  1  refer  to  a  coor¬ 
dination  number  of  6.  If  the  distance  A-X  between  unlike  ions  with 
this  coordination  nvunber  is  taken  as  vinlty,  the  values  of  the  distance 
A-X  for  coordination  numbers  of  4,  8,  and  12  will  be  0.94,  1.03,  and 
1.12>  respectively. 

§2.  STRENGTH  OP  LATTICE.  SURPACE  ENERGY  OP  SOLIDS 

Ita  recent  years.  Investigators  have  quite  properly  devoted  serlo\is 
attention  to  the  problem  of  crystal-lattice  strength.  Study  of  this 
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factor  malces  It  possible  to  understand  the  nature  of  the  highly  im¬ 
portant  relationships  that  characterize  certain  mechanical,  thermal 
and  other  properties  of  solids. 

The  strength  and  stability  of  a  crystal  lattice  depend  on  the 
forces  of  Interaction  between  the  Ions,  atoms  or  molecules  forming  It. 

Let  us  consider  the  fomes  operating  in  the  ionic  lattice.  The 
closest  neighbors  of  each  ion  in  this  lattice  are  Ions  of  the  opposite 
charge.  As  a  result,  the  electrostatic  forces  of  attraction  operating 
between  each  ion  and  Its  neighbors  predominate  over  the  repulsive 
forces.  However,  certain  repulsive  forces  are  also  In  operation  be¬ 
tween  oppositely  charged  Ions;  quantum  mechanics  [4-7]  provides  us 
with  an  idea  of  the  natiire  of  these  forces.  Their  value,  which  depends 
on  the  distance  between  the  Ions,  exceeds  the  value  of  the  electro¬ 
static  -at  tract  Ion  forces  at  short  distances. 

The  crystal-lattice  potential  energy  Is  the  resultant  of  the  at¬ 
tractive  and  repulsive  forces  and.  In  general  form,  may  be  expressed 
by  the  formula  [3] 


+ 


C 
/*•  • 


(1) 


/ 

where  the  term— C'/r  corresponds  to  the  forces  of  attraction  and 

no 

+C."/r  corresponds  to  the  repulsive  forces  If  r  Is  the  distance  be¬ 
tween  charges.  The  values  of  C  and  C"  In  this  expression  depend  on 
the  valence  of  the  Ions  and  on  certain  other  factors,  while  the  values 
of  n^^  and  ng  depend  on  the  arrangement  of  the  Ions  In  the  crystal  and 
the  latter's  structure.  Normally,  the  value  of  n^  is  near  1  In  accord¬ 
ance  with  Coulomb's  law,  while  ng  lies  between  the  approximate  limits 
8  and  12. 

Thus,  the  repulsive  forces  (their  absolute  magnitudes)  diminish 
more  rapidly  with  Increasing  distance  r  than  do  the  attractive  forcx^s. 
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These  forces  compensate  one  another  at  r  =  r^.  It  Is  obvious  that 
In  a  crystal  that  Is  free  of  external  disturbances,  the  ions  must 
stand  at  intervals  of  precisely  this  distance  rQ,  which  corresponds  to 
equilibrium  of  the  above  forces.  Here  the  potential  energy  of  the  par¬ 
ticles  Is  lowest:  the  system  has  its  maximum  stability. 

The  variation  of  the  values  of  these  forces  as  functions  of  the 
distance  between  the  elements  forming  the  crystal  lattice  Is  repre¬ 
sented  schematically  In  Fig.  3. 

If  one  particle  of  the  lattice  is  situated  at  the  coordinate  orl-^ 
gin,  a  second  particle  will.  In  accordance  with  the  above,  be  situated 
at  the  point  A  of  Intersection  of  the  resultant  force  with  the  axis  of 
abscissas  in  a  normal  undeformed  lattice:  here  the  resultant  force  Is 
zero  and  the  system  Is  stable.  The  distance  from  the  coordinate  origin 
to  the  point  A  Is  equal  to  Tq.  Any  change  in  this  distance  between 
particles  (e.g. ,  as  a  result  of  heating  of  the  body*)  disturbs  the 
eqtiallty  of  the  attractive  and  repulsive  forces  and,  consequently, 
raises  the  potential  energy  of  the  system  and  reduces  Its  stability. 

The  deepest  point  of  a  "potential  trovigh"  corresponds  to  the  value 
r  =  r^^,  as  does  the  greatest  predominance  of  the  attractive  forces 
over  the  repulsive  forces.  As  r  is  further  Increased,  the  excess  of 
the  attractive  forces  diminishes  progressively  to  a  negligible  value. 

The  work  necessary  to  rupture  the  lattice  and  separate  Its  par¬ 
ticles  from  one  another  by  an  infinitely  great  distance  (for  practical 
purposes,  by  a  distance  at  which  the  Interaction  forces  between  the 
particles  are  negligibly  small)  is  known  as  the  lattice  energy. 

This  work  depends  on  the  number  of  structure  units  In  the  crystal, 
their  dimensions  and  valence**  and  may,  according  to  Kapustlnskly  [19 ] 
be  computed  approximately  for  the  ionic  lattice  from  the  expression 
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Fig.  5.  Attractive  and  repul¬ 
sive  forces  acting  in  cx^ystal- 
llne  body  as  functions  of  dis¬ 
tance  between  particles.  1) 
Attractive  forces;  2)  repul¬ 
sive  forces;  3)  distance  be¬ 
tween  particles. 


kcal/g-mol  (2) 

or,  more  precisely  (taking  Into  account  the  qxiantuin-mechanlcal  nature 
of  the  repulsive  forces),  from  the  ejtpresslon  [20] 

U  kcal/g-mol  (3) 

\  't+rj 

udiere  Is  the  number  of  Ions  In  the  molecule,  and  Zj^.g  are  the 

radii  (In  angstroms  for  a  coordination  number  of  6)  and  valences  of 
the  cation  suid  anion,  and  p  0.3^5  la  the  so-called  repulsion  coeffi¬ 
cient.* 

The  most  important  lattice  parameters  —  those  determining  Its 
energy  —  are  Its  electronic  and  nuclear  configuration  and  the  values 
of  the  Ionic  potentials. 

High  energies  are  infaerent  to  the  close-packed,  compact  lattices 
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TABLE  3 

Hardness  of  Sulfides  of  Certain  Metals  [22] 


2  CMJMMtM'ra 


1  1 
ispaKiepactmaa  • 

1 

;  r.s 

1 

MfS 

CsS 

Sfli 

BeS 

1  /ns 

1 

Ctfs 

H|S 

3  Pa.tnvc  k:iTiioii<  h  A  | 

0.34  j 

0.74 

1.01  ^ 

1 

!  i,?o  ^ 

t  1 

1.38 

0.83 

0.99 

l.« 

4  Tiiep.iocTk 
(no  Moocy)  ..... 

7.S 

4,5-5 

4.0 

3.3 

3.0 

4.0 

3.3 

.3.0 

5  Tiin  pciucTKn  ... 

NaC: 

1 

ZnS 

l)  Physicochemical  characteilstlc;  2)  com¬ 
pound;  3)  cation,  radius  In  A;  k)  Mohs  hard¬ 
ness;  5)  lattice  type. 

(with  large  particle  coordination  numbers)  that  are  formed  by  ions 
with  high  potentials  (high  ratio  of  charge  to  effective  radius),  which 
possess  stable  electron  shells. 

The  lattice  energy  also  detennines  the  hardness  of  the  body  to  a 
considerable  degree.  The  stronger  the  bonding  forces  between  the  rtruc- 
tviral  elements,  the  harder,  naturally,  will  it  be,  and  the  more  diffi¬ 
cult  will  it  be  to  rupture  It. 

The  data  of  Table  3  indicate  that  the  hardnesses  of  different 
solids  possessing  lattices  of  the  same  type  and  ions  of  the  same  val¬ 
ence  are  antlbatlc  to  the  ionic  radii. 

While  similar  lattices  of  different  substances  are  constructed 
from  Ions  having  closely  similar  sizes,  the  hardnesses  of  these  sub¬ 
stances  Increase  with  Increasing  valence  of  the  Ions  (Table  4). 

The  vapor  pressure  and  melting  point  of  the  solid  naturally  de¬ 
pend  on  the  value  of  the  lattice  energy:  the  former  diminishes  and  the 
latter  increases  (see  §1)  with  increasing  U. 

Obviously,  substitution  of  some  Ion  In  the  lattice  by  an  ion  of 
the  same  radius  but  a  higher  valence  or  by  an  ion  with  the  same  valence 
but  a  smaller  radius  will  result  In  an  Increase  in  the  electrostatic 
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TABLE  4 

Hardness  of  Certain  Crystalline  Substances  [18] 
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pound;  3)  Interatomic  distance  In  A;  4)  val¬ 
ence  of  cations;  3)  Mohs  hardness;  6)  lat¬ 
tice  type. 


TABUS  5 

Melting  Points  of  Certain  Substances  [l8] 
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1)  Physicochemical  characteristic;  2)  sub¬ 
stance;  3)  conpound;  4)  radius  of  atom  (or 
Ion)  In  A;  3)  melting  point  In  degrees;  6) 
lattice  type. 


attraction,  l.e.,  the  lattice  energy  will  rise  [see  Eq.  (3)]> 

Accordingly,  all  other  conditions  the  same,  such  a  substitution 
will  result  in  an  Increase  In  hardness  (see  Table  4)  and  a  rise  In  the 
solid* 8  ■siting  point  (Table  3)*  &b  well  as  a  drop  In  its  vapor  pres- 


This  means  in  first  approximation  that  with  identical  lattice 
types,  we  may  observe  a.  drop  in  the  hardness  and  melting  point  of  sub¬ 
stances  as  we  move  down  the  coliunns  of  the  Mendeleyev  table,  while 
these  properties  will  rise  as  we  move  to  the  right  along  the  rows  of 
the  table. 

Examining  lattices  of  various  types  in  the  light  of  the  above,  it 
is  easy  to  understand  the  differences  in  the  physical  properties  of 
bodies  formed  by  such  lattices. 

The  electrical  bonding  energy  between  ions  in  ionic  lattices  and 
the  covalent-bond  strength  in  ionic  lattices,  which  are,  in  the  ma¬ 
jority  of  cases,  quite  considerable,  are  responsible  for  their  high 
conpactness  and  density  and,  accordingly,  for  the  high  melting  points 
and  low  volatilities  of  the  substances  formed  by  these  lattices. 

The  weakness  of  the  dipolar  and  polarization  van  der  Waals  bond¬ 
ing  forces  between  the  elements  of  molecular  lattices  (molecules)  is 
responsible  for  the  high  volatilities  and  low  melting  points  of  the 
substances  formed  by  such  lattices. 

The  comparison  between  the  properties  of  diamond  and  graphite  may 
serve  as  a  classical  illustration  of  this  dependence  of  the  properties 
of  a  solid  on  the  nature  and  strength  of  the  bonds  between  the  ele¬ 
ments  of  its  lattice.  The  covalent  bonds  between  all  atoms  of  diamond 
give  rise  to  its  high  hardness  and  sublimation  temperature;  graphite, 
in  vdilch  the  covalent  bond  exists  only  in  atomic  layers  (van  der  Waals 
bonding  forces  operate  between  the  layers),  is  considerably  less  re¬ 
sistant  to  mechanical  and . temperature  disturbances. 

«  «  « 

Unlike  any  crystal-lattice  structural  element  (atom,  molecule, 
ion)  that  is  situated  in  the  interior  of  the  body  and  subject  to  the 
forces  of  the  elements  surrounding  it  on  all  sides,  an  element  (par- 
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tide)  situated  on  the  surface  of  a  crystalline  body  Interacts  only 
with  those  particles  of  the  body  that  lie  on  this  surface  and  those 
next  to  It  In  the  direction  of  the  crystal  Interior. 

Whether  In  the  Interior  of  the  body  or  on  Its  surface,  a  particle 
Is  at  rest  If  the  resultant  of  all  the  forces  is  zero.  Even  with  the 
nonsynmetry  of  the  force  field  acting  on  a  svirface  particle.  It  Is  In 
equilibrium  because  the  forces  acting  on  It  In  the  direction  of  the 
crystal-phase  Interior  are  offset  by  conpresslon  of  the  surface  layer, 
l.e.,  by  elastic  forces. 

Thus,  the  surface  layer  is  in  an  elastically  stressed  state.  Par¬ 
ticles  In  this  layer  of  a  solid  possess  a  larger  potential -energy  mar¬ 
gin  than  Interior  particles. 

Since  the  total  energy  of  the  crystal,  which  determines  Its  prop¬ 
erties  and  behavior  under  various  conditions.  Is  composed  of  Its  In¬ 
ternal  and  surface  energy.  It  Is  necessary  to  devote  study  to  both  of 
these.  This  Is  rendered  the  more  Important  by  the  fact  that  the  proc¬ 
esses  of  recrystalllzatlon,  sintering,  polymorphic  transformation  and 
chemical  reaction  In  crystalline  solids  normally  develop  first  at  the 
surfaces  of  their  grains  and  are  functions  of  surface  energy  and  Its 
variations. 

For  a  given  volume  of  a  body.  Its  total  energy  will  obviously  be 
the  larger  the  larger  its  surface  area  when  a  given  crystalline  facet¬ 
ing  Is  retained. 

The  surface  energy  Is  measured  In  terms  of  the  work  necessary  to 
form  a  surface  layer  under  Isothermal  conditions.  This  work,  referred 

O 

to  a  unit  area  (to  1  cm  )  of  surface  Is  known  as  the  specific  sur- 
face  energy  o  and  Is  measured  In  ergs/cm  =  dynes/cm. 

Strictly  speaking,  the  work  of  surface  formation  differs  for  dif¬ 
ferent  particles,  l.e.,  the  surface- energy  value  is  not  constant  for 
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all  points  over  the  surface.  However,  given  an  adequate  surface  area, 
we  may  speak  of  a  certain  value  of  o  for  a  given  body  as  the  average 
energy  of  formation  of  a  unit  of  Its  surface.* 

TABLES 

Surface  Energy  of  Certain  Bodies  at  0°K  (ergs*  cm”®) 
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*The  values  of  a  are  given  for  the  (100)  faces. 

1)  Surface  energy;  2)  compound;  3)  liquid;  4)  Nal; 

5)  KI. 

Table  6  lists  calculated  values  for  the  surface  energies  of 
crystalline  halogen  compounds  of  the  alkakl  metals  at  a  temperature 
of  0°K  and  the  surface-tension  values  of  the  same  substances  In 
molten  form,  as  obtained  by  extrapolation  of  the  experimental  values 
to  the  same  tenqperature  [23,  24]. 

The  numerical  value  of  the  specific  surface  energy  depends  on 
the  strength  of  the  lattice  (bodies  with  strong  lattices  are  char¬ 
acterized  by  large  values  of  o)  and,  for  a  given  lattice,  on  the  prop¬ 
erties  of  the  medium  surrounding  the  body.  This  last  Is  a  result  of 
the  fact  that  the  value  of  a  at  the  boundary  between  two  phases  Is 
determined  by  the  difference  in  the  Intensities  of  the  bonding  forces 
between  the  molecules  (atoms, Ions)  forming  these  phases.  If,  for  ex¬ 
ample,  the  crystal  Is  placed  in  a  liquid  that  wets  it.  Its  surface 
energy  will  be  reduced  as  a  result  of  Interaction  between  the  surface 
particles  of  the  crystal  and  the  liquid. 

When  the  tenperature  of  a  body  Is  raised,  its  surface  energy, 
which  offsets  the  bonding  foe'ces  dlracted  towai’d  the  Interior  of  the 
lattice.  Is  naturally  reduced. 
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A  detailed  elucidation  of  these  problems  Is  given  in  the  papers 
by  Reblhderi  Kuznetsov,  and  other  investigators  [25-29]. 

S  3.  STRUCTURE  OF  REAL  CRYSTALS 

Many  properties  of  a  real  crystalline  substance  depend  on  the 
perfection  of  Its  crystal  structure.  As  we  know,  the  chemical  activity 
of  real  crystals  Is  the  higher  the  greater  the  difference  between 
their  lattice  energies  and  the  energies  of  the  Ideal  crystal  lattice 
(in  a  perfect  crystal  lattice,  the  mass  transfer  necessary  to  ac¬ 
complish  a  reaction  Is  practically  Impossible).  In  view  of  this.  It 
will  be  profitable  to  dwell  on  the  causes,  the  nature,  and  the  most 
Important  consequences  of  this  difference. 

The  ideal  crystal  consists  of  atoms,  ions,  or  molecules  regularly 
arrayed  In  all  directions.  Each  such  crystal  has  a  stinictural  imlt 
or  elementary  cell  that  Is  fully  determinate  and  characteristic  for 
It,  and  whose  exact  repetition  In  each  of  the  three  dimensions  forms 
Its  lattice  (see  Figs.  1-4). 

It  has  been  established  by  numerous  research  studies  that  the 
structure  of  real  crystals  always  or  almost  always  differs  to  one 
degree  or  another  from  this  ideally  regular  structure.  This  Is  con¬ 
firmed  experimentally  by  the  presence  in  real  crystals  of  diffusion, 
Ionic  conductivity,  scattering  of  x-ray  beams  at  various  angles,  and 
certain  other  phenomena  that  are  Incompatible  with  the  ideal,  regular 
crystal  structure.  Only  In  Isolated  cases  has  It  been  possible  with 
great  difficulty  to  produce  crystals  whose  structure  approximates 
the  Ideal  [30-32]. 

The  deviations  of  the  real  crystals  from  Ideal  crystals  take  ex¬ 
ceedingly  diverse  forms.  The  basic  deviations  or  defects,  which  deter¬ 
mine  the  so-called  coarse  structure  of  the  crystal,  are  nonparallelism 
of  Its  various  layers  to  one  another,  the  Inclusion  of  mother  liquor 


In  the  crystal,  and  "strlatlon"  of  Its  faces. 

It  Is  easy  to  envisage  the  "mosaic"  structure  of  crystals  that 
consist  of  Individual  blocks  of  regular  crystal  structure  that  are 
only  slightly  rotated  with  respect  to  one  another  (Pig.  6).  Such 
crystals  would  be  grouped  among  the  Imperfect*  Ideal  crystals,  since 
the  hypothetical  structure  of  the  blocks  composing  them  Is  In  itself 
ideal.  In  actuality,  the  dimensions  of  blocks  usually  lie  in  the 

f: 

range  from  10  ^  to  10  cm.  The  angles  between  the  blocks  have  sizes 
from  fractions  of  a  minute  to  several  minutes.  This  structure  of 
]?eal  crystals  has  as  a  consequence  that  a  beam  of  monochromatic  x-rays 
Is  reflected  by  a  face  of  a  real  crystal  not  at  a  certain  definite 
angle  (Fig.  7a),  as  would  be  the  case  with  an  Ideal  crystal  structure, 
but  at  various  angles  (Pig.  7h)  differing  from  one  another  In  some 
cases  by  several  minutes.  The  slight  disorientation  of  the  real- 
cz*y8tal  blocks  relative  to  one  another  also  results  In  a  higher  in¬ 
tensity  in  a  ray  reflected  by  the  crystal  than  would  be  expected  on 
the  basis  of  theoretical  calculations. 


Pig.  6.  Crystal  lattice  a)  of 
Ideal  crystal;  b)  of  mosaic 
crystal. 

In  practice,  there  are  always 


Pig.  7-  Reflection  of  bundle  of 
monochromatic  x-rays  by  face  of 
a)  ideal  crystal;  b)  real  crystal. 

deviations  of  one  kind  or  another 


from  the  ideal  structure  in  the  Individual  blocks  composing  the  macro- 


/  crystal.  Iliese  deviations,  which  are  known  as  fine- structural  de- 
'  fects,  may  consist,  for  example.  In  the  existence  of  vacancies  ("holes") 
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In  the  lattice  (according  to  Schottke)  or  In  the  presence  of  so- 
called  dissociated  or  dislocated  displaced  atoms  occupying  lattice 
points  that  were  hitherto  vacant  (according  to  Frenkel).  According 
to  Zeyts  [Seitz?]  [3^1»  we  may  distinguish  six  basic  types  of  flne-i 
structural  defects:  1)  vacancies  In  the  lattice  and  Ions  In  Inter¬ 
stices;  2)  foreign  ions  in  the  lattice  points  or  In  Interstices; 

3)  electrons  and  "holes";  4)  excltons;  5)  dislocations  and  6)  phonons. 

Many  Investigations  have  been  devoted  to  study  of  the  structure 
of  real  crystals  and  those  of  their  porpertles  that  are  related  to 
the  various  structural  defects.  Best-known  among  these  are  the  studies 
of  Fedorov,  Smekal,  Tsvlkkl  [Zwlcky?],  Schottke,  Balarev,  Frenkel', 
and  Vagner. 

In  the  conception  of  Fedorov  [35]»  the  conditions  of  crystalli¬ 
zation  as  manifested  in  Its  rate  exert  a  profound  influence  on  the 
coarse  structure  of  a  crystal.  "Molecular"  growth  takes  place  when 
the  crystal  develops  slowly,  while  in  rapid  development  growth  pro¬ 
ceeds  by  parallel  deposition  of  many  minute  crystal  seeds  that  arise 
in  the  vicinity  of  the  growing  surface.  This  has  its  effect  on  the 
crystal's  structure. 

Regarding  the  formation  and  existence  of  Ideal  crystals  as  pos¬ 
sible  in  principle,  Smekal  [36]  attached  great  significance  to  the 
dependence  of  the  properties  of  real  crystals  on  their  surface  de¬ 
fects  and  devoted  much  time  to  their  investigation. 

The  most  obvious  defects  of  the  crystal  are  its  Internal  and 
surface  cracks,  which  are  sometimes  distinguishable  under  the  micro¬ 
scope  or  even  with  the  unaided  eye.  In  1934,  Ioffe  [37]  demonstrated 
convincingly  in  experimental  research  .with  the  exaitple  furnished  by 
rock  salt  that  the  presence  of  surface  cracks  determines  the  mechani¬ 
cal  properties  of  the  crystals  (their  tensile  strength). 
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According  to  Smekal,  the  large  cracks  mentioned  above  may  be 
due  to  tensions  governed  by  primary  cracks  that  have  fonned  under 
the  Influence  of  absorbed  Impurities  or  as  a  result  of  excessively 
high  crystal  growth  rates. 

On  the  basis  of  theoretical  analysis,  Tsvlkkl  [38]  arrived  at 
the  conclusion  that  numerous  cracks  separated  from  one  another  by 
crystalline  blocks  about  100  A  across  must  exist  on  crystal  surfaces. 
These  blocks,  according  to  Tsvlkkl,  form  a  secondai?y  periodic  struc¬ 
ture  or  a  crystal  superlattice  that  Is  more  stable  than  the  normal 
nonraosalc  structure  of  the  crystal. 

Balarev  [391  applied  thermodynamic  analysis  to  derive  the  con¬ 
clusion  that  the  Ideal  macrocrystal  cannot  be  In  equilibrium  with 
Its  mother  liquor.  When  such  a  crystal  dissolves.  It  first  decays 
Into  numerous  fine  particles  (microcrystals)  which  then  exist  In 
solution  for  a  certain  time.  In  the  opinion  of  Balarev,  each  of  the 
elementary  crystals  making  up  the  colloidally  dispersed  macrocrystal 
contains  atoms  or  Ions  only  In  approximately  stoichiometric  quantities; 
this  circumstance  results  In  an  Increase  In  surface  activity  In  the 
Internal  walls  of  fissures  or  cracks.  Thus,  according  to  Balarev, 
a  regular  adsorption  of  Ions  takes  place  In  the  fissures  rather  than 
random  accumulation  of  mother  liquor. 

In  actuality,  we  may  speak  of  nonstolchlometrlc  conposltlon  not 
only  as  It  applies  to  the  elementary  crystals. 

Defect  crystals,  which  are  characterized  by  an  excess  or  de¬ 
ficiency  of  one  of  the  components  as  compared  to  the  stoichiometric 
composition,  are  of  great  Importance.  The  Ideal  stoichiometric  com¬ 
position  of  a  crystalline  compound,  on  the  other  hand.  Is  not,  gen¬ 
erally  speaking,  absolutely  necessary,  and  Is  even  metastable  for 
certain  compounds  (e.g.,  for  wuestlte) .  The  manner  of  deviation  from 
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Ideal  equilibrium  chemical  composition  In  such  compounds  depends  on 
the  nature  of  the  excess  component  and  the  possible  valence  states 
of  the  anions  and  cations.  The  valence  of  the  cation  may,  for  example, 
drop  where  there  la  an  excess:,  of  metal  and  rise  where  there  Is  an  . 
excess  of  nonmetal. 

Alkali-halogen  compounds,  e.g.,  sodium  chloride  heated  in  sodium 
vapor  [33«  ^0,  4l],  may  serve  as  the  simplest  example  of  substances 
with  this  type  of  defect. 

We  are  Indebted  for  the  meet  part  to  Shottke  and  Frenkel  for 
elaboration  of  our  conceptions  concerning  the  fine  structure  of  real 
crystals. 

Shottke  postulated  the  existence  of  unoccupied  points  In  the 
lattice  of  the  real  crystal.  Such  defects  can  occur  in  the  atomic 
and  molecular  lattices. 

In  his  monumental  works  on  the  theory  of  liquids  and  solids  [42- 
451 »  Frenkel  formulated  conceptions  of  the  fine  structure  of  the 
latter  and  of  their  behavior  under  various  sets  of  conditions.  Pro¬ 
ceeding  from  these  conceptions,  which  are  considered  in  detail  in 
Chapter  2,  we  may  account  for  the  most  Important  properties  of  solids. 
Here  It  Is  only  necessary  to  note  that  ordered  state  ^  disordered 
state  lattice  transitions  require  activation  energies,  with  the  left- 
to- right  transition  always  endothermic. 

As  In  the  case  of  a  chemical  reaction  that  takes  place  with  an 
activation  energy,  the  high- temperature  equilibrium  may  be  "frozen" 
by  abrupt  cooling  of  a  crystal  system  having  a  certain  number  of  fine- 
structural  defects.  The  result  is  some  Irreversibly  disturbed  system. 
Since  the  disorder  of  the  crystal  is  aggravated  as  the  temperature 
rises.  It  may  prove  sufficiently  high  on  such  abrupt  cooling  ("freez¬ 
ing");  mosaic  structure  and  cracks  In  real  crystals  compose  the  de- 


fects  of  the  second  type,  and  the  third  source  and  type  of  [defect] 

Is  associated  with  the  presence  of  Impurities  In  the  lattices. 

In  the  field  of  the  structure  and  the  laws  governing  the  prop¬ 
erty  changes  of  real  crystals,  there  are  still  many  contradictions, 
differences  of  opinion,  and  unclear  points. 

Critical  examination  of  many  studies  relating  to  this  field  — 

In  particular,  those  of  Balarev  and  Tsvlkkl  [38,  39]  —  Indicates 
the  unjustified  nature  of  some  of  their  conclusions.  However,  while 
they  differ  in  the  explanations  given  for  the  violation  of  Ideal 
structure  in  real  crystals,  all  of  the  researchers  are  in  agreement 
on  the  point  that  these  violations  practically  always  occur  for  one 
reason  or  another  and  exert  significant  Influence  on  the  properties 
of  solids.  Specifically,  the  following  may  be  causes  of  the  appearance 
of  cracks: 

mechanical  processing  of  crystalline  solids,  e.g.,  milling;  ‘ 
thermal  deformation  as  a  result  of  abrupt  changes  in  volume  on 
sharp  temperature  changes; 

stresses  resulting  from  polymorphic  transformations; 

the  effects  of  surface  forces; 

the  formation  of  vapors  and  gases  in  crystals; 

recrystallization; 

adsorption; 

rapid  euid  nonuniform  growth  of  crystals  and  many  other  phenomena. 
It  Is  generally  acknowledged  that  the  formation  of  Ideal  or  near- 
ideal  crystals  Involves  great  difficulties  and  is  possible  only  In 
extremely  rare  exceptional  cases  with  special  selection  and  careful 
regilatlon  of  the  crystallization  conditions.  This  viewpoint,  which 
tocK  root  long  before  the  appearance  of  the  electron  microscope,  has 
be«n  fully  confirmed  In  our  time  with  the  aid  of  electron-microscope 
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methods  of  Investigation,  which,  among  other  things,  have  made  it 
possible  to  establish  exactly  and  study  in  detail  the  mosaic  struc¬ 
ture  of  monocrystals. 

It  has  been  established  that  monocrystals  are  not,  in  actuality, 
fully  uniform,  but  consist  of  an  enormous  number  of  parts  in  which 
individual  microscopic  regions  deviate  -  if  ever  so  slightly  -  from 
the  average  crystallographic  directions  characteristic  of  the  mono¬ 
crystal  as  a  whole. 

The  crystalline  solids  with  which  we  deal  in  practice  are  usually 
conglomerates  composed  of  a  multitude  of  small  crystals  that  have 
grown  together.  In  such  polycrystalline  bodies  or  crystallites,  cor¬ 
responding  crystallographic  directions  are  generally  rotated  relative 
to-  one  another  through  all  possible  angles.  Consequently,  crystallites 
consisting  of  small  microscopic  crystals,  as,  for  example,  those  of 
ordinary  metals,  are  practically  isotropic. 

As  we  know,  it  is  rarely  necessary  to  deal  with  chemically  pure 
substances  under  Industrial  conditions.  Chemical  engineering,  metal¬ 
lurgy,  and  the  technology  of  silicates  are  constantly  encountering 
materials  whose  chemical  compositions  are  nonuniform.  In  the  solid 
state,  they  also  form  fine-crystalline  aggregates  in  which  the  small 
crystals  may  be  either  uniform  or  heterogeneous  as  regazxls  their 
structure  and  composition.  In  the  simplest  case,  each  of  the  system 
components  foi*ms  its  own  czystals,  which  are  chaotically  mixed  in  the 
c]?ystallite  with  crystals  of  another  or  of  other  components.  In 
other  cases,  various  crystals  of  more  complex  composition  may  be 
formed. 

It  is  naturally  important  to  take  all  this  into  consideration 
in  stwdtylng  reactions  In  crystalline  mixtures. 

Bo  less  important  In  this  respect  is  the  relationship  between 


the  properties  and  structure  of  real  crystals.  As  we  know,  while 
irreversibly  disturbed  crystalline  systems  possess  reproducible  prop¬ 
erties  in  many  respects,  certain  properties  of  Irreversibly  dis¬ 
turbed  systems  are  functions  of  the  disturbances  and  depend  on  the 
prior  treatment  of  the  specimen. 

Many  properties  of  crystals  bear  different  relationships  to  dis¬ 
turbances  in  the  regularity  of  their  structure:  some  properties  de¬ 
pend  little  or  not  at  all  on  the  preliminary  treatment  of  the  crystal, 
while  others  are  essentially  related  to  it. 

On  this  basis,  the  properties  of  crystalline  systems  may  be  classi¬ 
fied  as  follows: 

1)  structure- insensitive  properties,  e.g.,  refractive  index, 
heat  capacity,  and  melting  point; 

2)  structure-semlsensltlve  properties,  e.g.,  the  conductivity  of 
ionic  crystals,  diffusion,  and  vibration  damping; 

3)  structure- sensitive  properties,  e.g.,  tensile  strength,  plas¬ 
ticity,  thermal  conductivity,  dielectric  constant,  magnetic  suscepti¬ 
bility,  magnetic  permeability,  and  chemical  activity. 

The  dependence  of  the  properties  of  substances  on  their  crystal¬ 
line  structure  is  widely  exploited  by  contemporaiv  technology  not 
only  to  raise  their  chemical  activities,  but  also  to  .produce  materials 
for  various  critical  purposes  (crystal  phosphors,  semiconductors, 
ferroelectrlcs,  and  piezoelectrics,  and  others)  with  prespecified 
properties.  These  materials  are  produced  by  careful  regulation  of  de¬ 
fects  in  the  crystal  structure. 

§  4.  POWDERED  (GRANULAR)  SOLIDS 

Reactions  between  crystalline  reagents  usually  take  place  with 
the  reagents  in  fine-grained  (powdered)  mlxtxires. 

Naturally,  the  nature  and  rates  of  such  reactions,  together  with 
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the  quality  of  the  products  obtained  from  them,  depend  essentially 
on  the  physical  structtire  and  properties  of  the  powdered  solids. 

From  this  standpoint,  their  study  is  of  great  Interest. 

A  powdered  solid  usually  consists  of  a  large  number  of  Individual 
grains  In  contact  with  one  another  on  a  very  minor  fraction  of  their 
total  surface.  The  ln¥)erfect  contact  between  the  grains  Is  that 
property  of  powdered  masses  that  Is  of  greatest  Inyiortance  for  the 

s  * 

chemical  engineering  of  solids.  Also  of  great  Importance  are  the 
granulometric  composition,  bulk  (loose)  weight,  angle  of  repose, 
porosity,  areas  of  total  and  contact  surfaces,  friability,  dispersi¬ 
bility,  storabllity,  hygroscoplclty,  thermal  and  electrical  conduc¬ 
tivity,  chemical  activity,  and  so  forth.  In  using  powdered  solids. 

It  Is  necessary  to  take  these  parameters  Into  consideration. 

Current  information  concerning  some  of  these  properties  of 
powders  and  the  qualitative  laws  governing  their  changes  under  the 
Influence  of  various  factors  (and  data  concerning  the  Influence  of 
such  properties  on  the  processes  of  physicochemical  transformation 
of  powdered  solids)  are  far  from  adequate.  Not  only  have  we  failed 
to  set  off  their  Investigation  as  an  Independent  field  of  endeavor, 
as  has  been  the  case,  for  example,  with  colloid  research,  but  we  are 
frequently  not  systematic  enough  In  studying  them,  proceeding  without 
the  necessary  theoretical  foundations  and  generalizations.  As  Bal'- 
shln  [47]  quite  properly  remarked,  "At  the  present  time,  W.  Ostwald's 
phrase  'Universe  of  circumvented  quantities'  might  be  applied  with 
much  greater  Justification  to  the  group  of  bodies  with  imperfect  con¬ 
tact  between  their  particles  (which  Includes  powdered  solids  -  P.B. 
and  A.O.)  than  to  the  colloids." 

This  Judgement,  which  was  pronounced  more  than  10  years  ago.  Is 
unfortunately  still  valid  even  today. 


Powder  metallurgy,  which  studies  the  structure  of  metallic 
powders  and  Its  changes  when  sintered  metals  are  produced,  devotes 
a  certain  amount  of  attention  to  the  general  properties  of  powdered 
solids.  A  rather  respectable  number  of  experimental  studies  have  been 
devoted  to  study  of  the  .properties  of  metallic  powders.  Certain  of 
their  results  can  be  extended  to  granular  materials  used  In  the  tech¬ 
nology  of  adhesives,  ceramic  products,  refractories  and  high-strength 
structural  materials,  as  well  as  In  the  production  of  fertilizers, 
catalysts,  and  various  other  types  of  products. 

However,  extension  of  the  knowledge  gained  by  powder  metallurgy 
to  handling  processes  for  granulated  materials  In  other  branches  of 
engineering  can  be  of  only  limited  significance,  since  It  Is  not  al¬ 
ways  done  properly  and  Is  frequently  Inadequate. 

Actually,  the  work  of  powder  metallurgy  Is  frequently  limited 
for  the  most  part  to  study  of  the  changes  In  the  grain  contact  sur¬ 
faces  in  deformation  and  heat- treatment  (sintering)  operations,  and 
to  investigation  of  the  stzhicture  and  properties  of  the  powdered 
metal  as  a  function  of  the  size  af  the  contact  surface. 

In  the  meanwhile,  a  considerably  more  detailed  physical  char¬ 
acterization  of  powdered  solids  (and.  In  particular,  a  characteriza¬ 
tion  of  their  total  and  active  surfaces)  Is  necessary  for  their  study 
and  application,  which  also  require  research  into  the  diffusion, 
sorption,  chemical  and  many  other  processes  that  take  place  in  such 
solids.  As  we  know,  the  treatment  conditions  and  processes  applied  to 
free-flowing  (granular)  solids  In  powder  metallurgy  and  In  other 
branches  of  engineering  differ  sharply  from  one  another  In  the  over¬ 
whelming  majority  of  cases:  when  reactions  are  being  conducted  in 
mixtures  of  crystalline  solids,  we  deal  with  much  more  profound  changes 
and  a  much  wider  complex  of  such  changes  (see  Chapter  3)  than  In  the 
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mechanical  and  heat- treatment  to  which  metallic  powders  are  subject. 

The  physicochemical  characterizations  and  certain  properties 
of  the  powdered  masses  used  in  powder  metallurgy  and  in  other  branches 
of  engineering  (e.g..  In  adhesives  production)  are  also  dissimilar. 

In  the  latter  case,  the  powdered  masses  are,  in  accordance  with  their 
intended  use,  distinguished  by  considerably  greater  nonuniformity  In 
granulometric  and  chemical  composition,  and  frequently  represent 
mixtures  of  many  components  the  properties  of  each  of  which  varies 
In  a  different  manner  during  the  process  of  treatment.  Naturally,  on 
a  change  In  the  chemical  and  granulometric  composition  of  a  powdered 
solid  as  a  result  of  processes  unfolding  in  It,  Its  general  properties 
also  change  accordingly  (and  frequently  quite  considerably).  This 
further  distinguishes  the  treatment  processes  applied  to  powdered 
solids  in  the  technology  of  silicates  and  in  the  chemical  industry 
from  the  corresponding  powder-metallurgical  processes. 

Each  grain  of  a  granulated  or  powdered  material  may  consist  of 
a  large  number  of  elementary  particles  of  the  same  or  different 
chemical  composition,  structure,  and  properties.  The  shape  of  the 
grains  in  granulated  and  powdered  materi:  Is,  which  is  determined  by 
their  mode  of  origin  (by  the  method  of  preparation  for  artificially 
produced  grains)  may  take  widely  different  forms.  On  the  basis  of 
shape,  the  grains  of  various  materials  can  be  classified  into  two 
large  basic  groups: 

1)  approximately  isometric  or  equiaxial  grains  (these  Include 
spherical  and  polyhedral  grains)  and  2)  nonlsometric  or  nonequlaxlal 
grains,  among  which  we  may  note  filamentary  or  acicular  grains  emd 
flat  grains  (laminar  grains,  tabular  grains,  and  the  like). 

There  also  exist  a  large  number  of  intermediate  grain  shapes 
(between  groups  I  ...d  II,  between  subgroups  of  the  second  group,  and 


so  forth),  that  approach  one  of  the  enumerated  groups  to  one  degree 
of  closeness  or  another. 

If  a  powdered  solid  has  npnlsometrlc  grains,  this  has  an  effect 
on  the  spatial  distribution  of  the  grains  and  results  In  anisotropy 
in  the  powders. 

A  grain  possesses  a  minimum  reserve  of  potential  energy  (which 
Is  determined  by  the  product  of  the  grain  weight  by  the  height  of 
Its  center  of  gravity  above  the  horizontal  plane)  when  its  smallest 
dimension  Is  oriented  parallel  to  the  force  of  gravity. 

The  probability  that  a  nonlsometric  grain  will  land  on  a 
given  face  after  a  free  fall  may  be  regarded  In  first  approximation 
as  proportional  to  its  area  S  and  Inversely  proportional  to  its  poten¬ 
tial  energy 


100 


Ui 
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Using  this  as  a  point  of  departure,  Berezhnoy  [49]  showed  that  the 
probability  of  free  fall  onto  a  lateral  face  of  a  grain  having  the 
dimensions  e  x  a  x  na  Increases  rapidly  as  n  Increases  to  2  and  has 
reached  almost  89jt  at  n  =  2  (Fig.  8) .  If  the  grain  has  the  form  of 
a  rectangular  parallelepiped  and  the  dimensions  a  x  2a  x  3a,  the 
probabilities  that  it  will  fall  onto  the  corresponding  faces  are 


3,  19,  and  1^, 


As  was  correctly  noted  by  Berezhnoy,  the  absence  of  free  migra¬ 
tion  of  the  grains  In  a  powder  substantially  reduces  the  differences 
between  these  probability  values,  but  does  not  equalize  them.  As  a 
result,  elongated  grains  tend  to  arrange  themselves  parallel  to  the 
horizontal  plane' in  a  powder  mass;  this  sometimes  results  in  consider¬ 
able  differences  In  the  properties  of  the  mass  in  different  directions 


I49,  503. 
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Since  the  grain  shape  of  a 
powdered  material  determines  its 
properties  to  a  considerable  degree 
and  may  be  strongly  manifested  in 
the  properties  of  a  product  produced 
from  it,  it  is  important  in  many 
practical  cases  to  be  able  to  regu¬ 
late  the  shape  of  the  grains  in  the 
process  of  preparing  powdered  mate¬ 
rials.  Investigations  recently 
carried  out  in  this  direction  have  made  it  possible  to  develop  cer¬ 
tain  simple  and  reliable  methods  of  grain-shape  control  for  powdered 
materials.  These  include,  for  example,  metastable  crystallization 
from  heavily  supersaturated  solutions,  a  process  studied  by  Gzhlmek 
1511. 

The  shape  of  the  grain  surfaces  in  a  powdered  material,  the 
roughness  and  energy  of  which  [surfaces],  which  also  depend  on  the 
method  and  conditions  used  in  producing  the  grains,  may  vary  over  ex¬ 
tremely  wide  ranges,  are  of  great  practical  importance.  According 
to  Khedval  [52],  the  following  are  effective  ways  to  regulate  the 
surface  activities  of  solids: 

1)  creation  of  defect  lattices  by  modification  transformations, 
oxidation  and  reduction  processes,  and  the  injection  of  foreign  atoms 
into  the  lattices; 

2)  utilization  of  the  magnetic  state  (ferromagnetic  catalysts); 

3)  polarization  changes  in  the  state  of  the  molecules; 

4)  electromagnetic  and  ultrasonic  Irradiation; 

5)  adsorption  and  solution  of  gases. 

The  grain  sizes  of  powdered  materials  employed  in  technology, 
which  depend  on  the  conditions  under  which  they  were  prepared  and 
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Pig.  8.  Cxirve  of  probability 
of  fall  onto  lateral  face  of 
grain  having  the  dimensions 
a  X  a  X  na.  1)  Probability  W. 
of  fall  In  2)  values  of  n. 


Influence  their  properties  and  the  rate  of  processes  that  take  place 
In  them,  vary  over  a  very  wide  range  extending  from  tenths  of  a 
micron  to  several  millimeters.  Certain  granulated  masses  used  to 
effect  reactions  between  solids  in  the  metallurgical  and  chemical 
Industries  contain  grains  with  sizes  ranging  up  to  1  cm  and  above. 

Monodlsperse  and  polydlsperse  powders  are  distinguished  in  ac¬ 
cordance  with  whether  the  grains  of  a  given  powder  mass  are  of  the 
same  size  or  of  different  sizes.  Normally,  powdered  materials  of 
natural  and  artificial  origin  are  polydlsperse  until  they  are  care¬ 
fully  classified  Into  grain-size  fractions.  Their  granulometric 
composition  is  characterized  by  various  methods  [53],  e.g-,  by 
screen  analysis,  which  has  been  described  on  nvimerous  occasions  In 
the  literatvire  [see,  for  example,  5^,  551. 

The  results  of  screen  analysis  enable  us  to  Judge  the  weight 
percentage  composed  by  each  fraction  of  the  material,  and  give  a  more 
or  less  detailed  representation  of  its  granulometric  composition; 
this  will  be  the  more  complete  the  narrower  the  range  of  grain  sizes 
within  the  limits  of  the  individual  fractions.  Sometimes,  for  ex¬ 
ample  in  the  production  of  adhesives  and  refractory  materials,  the 
fineness  of  a  powdered  material  is  characterized  only  by  Its  content 
of  grains  whose  dimensions  exceed  a  certain  size.  For  example,  it 
may  be  stated  that  the  residue  on  a  No.  OO85  screen  is  lOJt,  l.e., 
that  90jt  of  the  screened  material  has  grain  sizes  below  0^085  mm 
and  10^  of  it  is  larger  than  O.O83  mm.  Such  a  characterization  of 
the  grain  composition  of  a  material  is  frequently ' adequate  for  indus¬ 
trial  conditions.  However,  in  that  it  indicates  only  the  lower  limit 
of  grain  sizes  "of  the  coarse  fraction"  and  the  upper  limit  of  sizes 
in  the  "fine"  fraction  (the  principal  fraction  in  the  example  cited 
above),  this  characterization  does  not  provide  a  conception  of  the 
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true  granulometric  composition  of  each  of  them  nor,  accordingly,  of 

the  material  aa  a  nhole. 

Strictly  speaking,  even  the  narrowest  fraction  of  a  powdered 
material  contains  grains  of  different  sizes,  l.e..  It  Is  not  mono- 
disperse.  The  average  grain  size  of  a  fraction  may  be  computed  from 
one  of  the  known  rules  [$3,  36]. 

If  the  ratio  of  ^e  largest  and  smallest  grain  diameters  which 
correspond  to  the  width  of  the  holes  in  "coarser"  and  "finer"  screens, 
d^tdjjj  <  1.5,  the  average  grain  diameter  may  be  computed  without  any 
essential  error  as  the  arithmetical  mean,  geometrical  mean,  harmonic 
mean,  Andresen  mean,  and  so  forth.  Here,  the  number  of  "conventional" 
average-diameter  grains  computed  by  the  Andresen  method 


(5) 


Is  found  equal  to  the  average  number  of  grains  In  the  fraction. 

In  the  case  of  a  mixture  of  grains  having  considerable  size  dif¬ 
ferences,  l.e.,  when  we  are  concerned  with  a  broad  fraction  > 

>  1.5),  the  value  of  d__  may  be  computed  by  various  methods. 

At  the  present  time,  more  than  50  different  formulas  have  been 
proposed  for  calculation  of  average  grain  size  in  a  mlxtuire. 

According  to  formulas  of  one  group,  the  average-diameter  value 
Is  computed  taking  the  granulometric  composition  of  the  material  to 
be  averaged  Into  account.  When  formulas  of  another  group  are  used, 
the  value  of  d^^  Is  found  only  from  the  size  of  the  limiting  diameters 
—  those  bounding  the  mixture  being  averaged  —  without  taking  the 
granulometric  composition  Into  account. 

The  most  detailed  critical  characterization  of  all  these  for¬ 
mulas  was  given  by  Andreyev  [531*  He  showed  that  the  values  obtained 
by  the  various  formulas  for  the  average  diameter  of  grains  In  the 
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2>60-^  fraction  vary  between  3-2  and  48  \x.  It  Is  clear  In  the  light 
of  this  that  arbitrary  selection  of  a  method  for  computing  the  aver¬ 
age  diameter  (e.g.«  the  most  frequently  encountered  practice  of. 
computing  It  as  the  arithmetical  mean  value  of  the  two  extreme  grain 
size  In  the  fraction)  may  result  In  essential  errors  that  Increase  as 
the  range  of  grain  sizes  In  the  fraction  Is  broadened. 

As  we  know  from  mathematical  statistics,  different  methods  are 
used  to  calculate  an  average  quantity  In  accordance  with  the  property 
of  a  statistical  collective  that  must  be  reflected  In  It.  According 
to  this,  as  Andreyev  quite  properly  reasons,  the  average  grain  diameter 
should  be  computed  to  reflect  some  single,  so-called  determining 
parameter  of  an  ensemble  of  grains.  This  means  that  the  formula  sel¬ 
ected  for  the  averaging  should  be  one  whose  application  leaves  the 
detemlnlng  parameter  of  Interest  to  us  unchanged. 

Thus,  If  the  surface  area  of  all  grains  Is  detemlnlng,  the 
average  diameter  should  be  computed  by  the  formula 


l.e.,  as  the  root-mean- square  diameter  weighted  over  the  number  of 


grains . 

If  the  determining  parameter  is  the  volume  of  all  grains,  the 
average  diameter  is  computed  as  the  root-mean- cube  diameter  weighted 
over  the  number  of  grains: 


(5b) 


If  the  specific  surface  area  of  the  grains,  l.e.,  the  ratio  of 
their  surface  to  their  volvime  (or  to  their  weight)  Is  determining, 
then 

(5c) 


or,  ir.  terms  of  weight. 
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and  30  forth 


i. 


£0 
.  cT 


(5d) 


Pig.  9*  Angle  of  repose  of 
powdered  material. 


In  these  formulas/  n  Is  the 
number  of  grains  In  the  Individual 
narrow  fractions  of  the  mixture,  d 

Is  the  variable  diameter  of  grains  of  different  sizes  In  the  mixture 
to  be  averaged,  d-_  Is  the  constant  average  diameter  of  grains  having 
the  same  size,  and  0  Is  the  weight  of  the  Individual  narrow  fractions. 

Within  the  practical  grain-size  ranges  Indicated  above,  the 
nuBd>er  of  grains  In  a .unit  volume  of  powdered  material  may  be  ex¬ 
tremely  large  (1  cm^  may  contain  millions  and  even  billions  of  grains) , 
Naturally,  many  physical  properties  of  the  powder  are  determined  by 
the  mutual  spatial  arrangement  of  Its  grains  and  are  statistical  In 
nature.  Such  properties  Include  the  bulk  characterization  of  the 
powder:  its  angle  of  repose.  Its  porosity,  bulk  weight,  and  certain 
other  quantities. 

If  the  grain  weight  Q  (Pig.  9)  is  decomposed  into  two  components, 
one  normal  to  the  plane  AB: 

NwmOcps* 

and  one  tangent  to  It, 

PwOsins. 


then 

(6) 

A  powder  grain  will  be  at  rest  when  the  force  P  is  offset  by  the 
frictional  force  P.  The  latter  Is  porportlonal  to  the  normal  pressure: 

where  u  Is  the  coefficient  of  friction.  It  follows  from  this  that 
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^  >  a,  l.e.,  that  the  angle  of  repose  a  is  equal  to  the  coefficient 
of  friction. 

The  value  of  a,  which  generally  depends  on  the  size  and  shape 
of  the  grains  in  the  material,  the  nature  (roughness)  of  the  material's 
surface.  Its  moisture  content,  and  certain  other  parameters,  lies 
In  the  range  from  35  to  50°  for  the  majority  of  air-dry  loose-pouring 
solids.  As  we  know,  a  certain  fraction  of  the  volume  of  a  granular 
jnaterlal  is  frequently  occupied  by  pores  inside  its  grains;  these 
compose  the  so-called  Intragranular  porosity;  as  a  result  of  surface 
porosity  and  the  Imperfect  fit  between  the  grains  of  the  powder,  a 
considerable  fraction  of  its  volume  belongs  to  the  free  space  be¬ 
tween  the  surfaces  of  the  granules. 

The  part  taken  by  the  pores  depends  on  their  type  (intraparticle, 
interpart ic le) ,  sizes  (which  may  be  macroscopic,  microscopic,  or 
subraicroscoplc)  and  their  type.  Pores  are  subdivided  into  open  types 
(communicating  or  capillary  pores)  and  closed  types  (Isolated  pores). 
Intraparticle  pores  may  be  either  open  or  Isolated;  Interparticle 
pores  in  unpressed  powders  always  communicate  with  one  another  and 
with  the  surface  of  the  granulated  material.  The  total  porosl-ty  (or 
free  surface)  of  a  free-pouring  granular  material,  expressed  as  the 
relative  volume  of  the  powder  occupied  by  the  Interparticle  and  intra-  . 
particle  pores,  usually  lies  between  50  and  80%,  sometimes  reaching 
95-985^*  It  value  naturally  determines  the  specific  volume  and  loose 
weight  of  the  powder.  For  a  given  specif Ic-welght  value  of  the  powder 
material,  its  loose  weight  is  a  complex  function  of  Its  granulo¬ 
metric  composition  (absolute  value  and  range  of  grain  sizes,  ratio 
between  amounts  of  Individual  fractions),  the  nature  of  the  grain  sur¬ 
face,  the  pressure  exerted  by  overlying  layers,  moisture  content,  and 
Impurity  content. 
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Variation  of  certain  of  those  parameters  may  Increase  or  reduce 
the  porosity  and  loose>welght  value  of  the  powder  by  50-8(^  or  more. 
Consequently,  the  frequently  encountered  Indications  of  the  bulk 
(loose)  weight  of  granular  materials  without  an  accompanying  Indi¬ 
cation  of  their  granulometric  composition,  moisture  content,  or 
other  conditions  are  always  Inadequately  specific. 

In  the  simplest  case.  In  which  the  grains  are  .spherical  and  all 
have  the  same  diameter,  each  of  them  Is  In  contact  with  Its  neighboring 
grains  at  6,  8,  or  12  points.  In  accordance  with  the  manner  of  their 
distribution  In  space  (cubic,  rhombohedral,  hexagonal);  this  corre¬ 
sponds  to  a  free- space  volume  (porosity)  between  the  grains  ranging 
from  47.64  to  25-955^.  These  data,  which  characterize  the  geometrically 
regular  spatial  arrangements  of  absolutely  smooth  Incompressible  dry 
spheres  In  contact  at  specific  mathematical  points,  naturally  have 
little  correspondence  to  the  properties  and  behavior  of  real  loose- 
poured  crystalline  masses.  In  actuality,  due  to  the  Irregular  shape 
and  surface  roughness  of  the  particles  of  fine-grained  substances, 
and  due  to  the  presence  of  frictional  and  adhesive  forces  between 
them,  it  is  not  only  impossible  to  obtain  Ideally  close  packing  of 
these  particles  (corresponding  to  a  free-space  value  =  25. 95$^), 
but  even  to  count  on  free,  geometrically  regular  arrangements  of  the 
particles  (corresponding  to  V_„  =  47. 64$^).  The  grains  composing  real 
masses  have  different  distances  from  one  another:  some  neighboring 
grains  are  In  relatively  close  contact  with  one  another,  whllfe  the 
distances  between  other  neighboring  grains  are  very  large,  and  so 
forth.  The  shape  Irregularities  and  roughness  of  the  grains -In  real 
masses  have  as  a  cpnsequence  that  the  distance  between  dirferent  seg- 

t 

ments  of  the  surface  of  any  given  grain  and  the  surfaces  of  the  grains 

1 

surrounding  it  varies  over  an  extremely  wide  range. 


However,  In  considering  any  given  flne>grained  mass,  we  may 
speak  of  a  certain  average  value  of  the  distance  between  the  surfaces 
of  its  grains  -  one  that  will  be  characteristic  for  this  mass.  This 
quantity,  which  Is  an  extremely  important  one  for  analysis  of  reaction 
mechanisms  In  mixtures  of  solids,  may  be  determined  easily  as  follows. 

If  a  unit  of  the  total  volume  of  a  loose-poured  mass  consists  of 
n  spherical  grains  having  a  average  diameter  d  and,  accordingly, 
n  airspaces  with  an  average  diameter  d^  which,  taken  together,  com> 
pose  a  free  space  of  volvime  (in  fractions  of  vinlty),  then  the 
volume  of  the  pax*tlcles  themselves  will  be 


1-V'» 


(7) 


and  the  airspace  volume  will  be 

V, 


..-n  — 


(8) 


Hence  the  average  diameter  d^  of  a  single  airspace  or.  In  other 


words,  the  average  distance  1  between  grains  will  be 


(9) 


If,  further,  7^  is  the  average  apparent  particle  (grain)  specific 
gravity,  the  volume  of  a  unit  weight  of  granular  material,  which  will 
be  composed  of  the  total  particle  volume  l/y^  and  the  volume  of  the 


Interparticle  pores,  will  be 


1, 


(10) 


and  since  the  loose  weight  of  the  material 

_i_ 


(11) 


then 


,1— V 


(12) 


-  - 


we 


Substituting  the  value  of  from  Formula  (l2)  In  Equation  (9), 
have 


(13) 


Thus,  knowing  the  loose  weight  of  the  fine-grained  mass,  the 
average  size  of  the  grains  composing  It,  and  the  apparent  specific 
gravity  of  the  latter,  we  may  draw  Inferences  concerning  the  average 
distance  between  the  surfaces  of  contiguous  grains  In  this  mass. 

Equation  (13) »  which  applies  for  spherical  grains,  reflects, 
with  an  accuracy  sufficient  for  practical  purposes,  the  average  dis¬ 
tance  between  the  surfaces  of  contiguous  grains  in  fine-grained  masses 
In  which  the  grains  take  almost  any  shape. 

Determination  of  the  value  of  ^  In  real  masses  may  be  compli¬ 
cated  somewhat  simply  by  the  difference  between  the  values  of  the 
true  and  apparent  densities  of  the  material  of  which  the  particles 
are  composed  and  by  the  error  In  determining  the  latter.  However,  the 
total  volume  of  the  Intraparticle  pores,  which  is  responsible  for 
this  difference.  Is  shown  by  data  from  Investigation  of  crystalline 
Inorganic  substances  to  lie  In  most  cases  between  0.5  and  1556  of  the 
grain  volume  and,  accordingly,  not  to  exceed  7^  of  the  loose  volume 
of  the  powder.*  If  we  take  into  account  here  that  the  volume  of  the 
interparticle  pores  generally  composes  no  less  than  5056  of  the  loose 
volume  of  a  granular  mass  (see,  for  example,  the  data  of  Table  8), 
then  It  Is  easy  to  establish  that  the  value  of  the  true  specific 
gravity  of  the  particle  material  may  be  substituted  Into  Eq.  (13) 
Instead  of  to  ascertain  the  order  of  magnitude  characteristic  of 
the  granular  mass. 

To  characterize  the  properties  of  fine-grained  crystalline 
materials  In  connection  with  their  reactions  In  mixtures.  It  Is 


interesting  to  give  an  experiment-based  Indication  of  the  order  of. 
magnitude  of  the  average  distance  between  the  surfaces  of  contiguous 
grains  in  the  real  masses.  With  this  objective,  Oinstling  |57]  *t 
one  time  investigated  a  large  number  of  fine-grained  crystalline 
Saterials. 

All  of  these  substances  were  carefully  coarseness-classified  for 
determination  of  their  loose-poured  weight.  Then  2,  3*  and  4  narrow 
fractions  were  extracted  from  each  material.  The  average  grain  size 
within  the  limits  of  each  narrow  fraction  was  calculated  by  Bq.  (3). 

TAELB  7 

Grains  Sizes  In  Fractions  of  Fine-Grained  Materials 


1 

1  yiftMJM 

4fauiifl  a  mm 

OVpeiNMi  pas%tep 
Mpaa  a  mm 

ija  ynpeic.iw  pasuopoa 

1  Kiiew  tipjhUMu  a  MM 

Mpaa  a  j» ji 

0.3S-0.77 

1 

o.dcd  1 

1  0.20  -0,135 

o.in 

•.3S-0.2S 

0.M4 

0.135-0.120 

0,177 

0.27-0.25 

0.259 

;  0.102-0,088 

0.096 

0.3S-0.20 

0.223  j 

j|  0.08S-0.060 
li 

0.072 

l)  Range  of  grain  sizes  In  fraction,  mm;  2)  average 

grain  size,  mm. 

Table  7  presents  data  characterizing  the  basic  fractions  extracted 
from  the  fine-grained  materials. 

To  provide  a  basis  of  Judging  and  ^  as  functions  of 

particle  size  In  the  fine-grained  mass,  the  loose-poured  weights  of 
"coarse"  and  "fine"  fractions  and  a  mixture  consisting  of  equal 
voliunes  of  these  were  determined  for  each  substance.  Table  8  pre¬ 
sents  some  of  the  results  of  determination*  run  on  various  Inorganic 
substances  of  commercial  Importance.  These  experimental  data  Indicate 
that 

1)  the  spatial  arrangement  of  grains  In  real  fine-granular  masses 
apparently  differs  essentially  from  any  "theoretical"  azrangement  of 
aooDoth  spherical  particles; 

2)  as  a  rule,  the  porosity  of  such  masses  conposes  30  to  80$(, 
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TABLE  8 

CharACteriz&tlon  of  Inorganic  Crystalline  Plne-Qralned 
Substances 
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0.26 
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2.2 
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0,12 
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0,12 

1  0.163 
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81,3 

0,27 
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{  0.095 

2.71 

0.507 

81 ,3 

0.16 

\  0.107 
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81 

0.17 

1  0.163 

1.16 

63 

0,19 
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3,1 

1.11 
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Q.ll 
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1.16 
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0,13 
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46.5 

0,29 
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I  0.095 

2.65 

1.4 

47,2 

0.09 

1  0.209 

1.48 

44.2 

0.18 

1  0.306 
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94.09 

0.77 

MgO . 
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0,188 
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0.33 
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0.23 
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0.47 

f  0.306 

0.725 
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(  0.095 

1.68 

0.477 
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0.13 
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0,677 
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0.19 
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1.04 
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0.33 
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2.29 

0.715 

58.8 

0.12 
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1.02 
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0,18 

. 
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51,7 
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(  0,095 

1.46 

0.66 

55 

0.1 
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0,72 

50,4 

0.11 
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0.12 

NaF . 

(  0.072 
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0.09 

10.077 

1 
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TABLE  8  (Cont'd.) 


NaO  . 

r  0.163 
{  0,095 

2. 1C 

0.927 

0,843 

S7.I 

61 

O.lt 

O.ll 

U.ior 

0.892 

58.8 

0,12 

7 

1  0.163 

1.56 

51.1 

0.17 

{  o.oor, 

3.2 

1.54 

52 

0.1 

1  0.107 

1,59 

50.4 

0,11 

f  0.200 
0.OD5 

2.58 

1.1 

0.99 

56.9 

61  ;6 

0.39 

0,11 

1  0.117 

1.04 

59.2 

0.17 

Note:  In  the  table, represents  the  true  specific 
gravity  of  the  particle  material,  while  repre¬ 
sents  the  total  (intraparticle  and  Interparticle) 
porosity  of  the  mass.  The  third  line  for  each  sub¬ 
stance  In  columns  2,  4,  5,  and  6  characterizes  a 
mixture  of  equal  volumes  of  the  two  fractions  Indi¬ 
cated  In  the  first  two  lines  of  the  column. 

l)  Substance;  2)  average  grain  size  In  mm;  3)  specific 
weight  of  substance,  4)  loose-poured  weight  of 

granular  mass,  5)  porosity  of  mass,  in 

6)  average  distance  between  surfaces  of  contiguous 
grains,  1  In  mm;  7)  apatite. 

as  against  a  porosity  of  26-485^  for  a  mass  composed  of  smooth  spheres 

3)  the  values  of  the  average  distance  1  between  the  surfaces 
of  contiguous  grains  in  the  real  mass  and  the  average  diameter  d^^ 
of  the  grains  are  of  the  same  order;  1  comes  to  ~120  to  ISOjt  of  d„_; 

4)  when  the  grains  composing  the  mass  are  of  the  same  size, 

the  porosity  of  the  mass  will  be  higher  than  when  they  have  different 
sizes; 

5)  If  the  mass  consists  of  particles  (grains)  of  approximately 
the  same  size,  the  porosity  of  this  mass  and, .  accordingly,  the  aver¬ 
age  relative  distance  between  the  surfaces  of  Its  grains  will  In¬ 
crease  as  the  particle  size  diminishes. 

These  data  are  in  full  agreement  with  theory.  Naturally,  the 
loose  appllcatlt  n  of  the  rough  surfaces  to  one  another  results  In  the 
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appearance  of  considerable  free  space  between  them.  A  decrease  In 
the  particle  size  In  the  mass,  which  results  In  an  Increase  In  the 
surface  area  of  these  particles  per  unit  weight,  gives  rise  to  a 
corresponding  increase  in  the  Internal  friction  and  cohesiveness 
("strength")  of  the  mass.  The  latter  is  nicely  confirmed  by  the  data 
presented  In  Table  9  on  the  value  of  the  angle  of  repose  for  certain 
fine-grained  materials.  A  result  of  this  increase  in  the  "strength" 
of  the  mass  Is  an  increase  in  Its  porosity.  The  lower  porosity  of 
a  polydlsperse  mass  as  con^ared  with  a  monodlsperse  mass  of  the  same 
substance  Is  the  result  of  filling  of  the  spaces  between  coarser 
grains  by  finer  grains,  etc. 

TABLE  9 

Angle  of  Repose  of  Loose-Poured  Masses  for  Various  drain 

Sizes 


2,  ^  Haant MOMMHt  Mnacra 

MW 

B«SO . 

1  0,2S  -0.06 
[  0.088-0.06 

41<W 

«• 

KNO, . 

/  0  35  -0.9T 
[  0.102-0.086 

36^ 

N«CI . 

/ 

AIMI,(SO«),l3H/> . 

1  0.2  -0.136 
[  0.102-0.068 

VPV 

1  0.35  -O.W 
\  0,2  -0.136 

spssr 

1)  Substance;  2)  grain  size  in  nm;  3)  angle  of  repose. 

In  view  of  the  great  practical  importance  of  porosity.  Its 
numerlca:  value  Is  frequently  regulated  by  selecting  the  granulo¬ 
metric  and  chemical  composition  of  the  initial  material  and  the  con¬ 
ditions  used  in  sintering  it. 

It  has  been  established  by  the  investigations  of  Berezhnoy  [49], 
for  example,  that  minimal  porosity  can  be  attained  in  the  product 
(refractory  material)  by  roasting  a  mlxtiire  of  two  fractions  of  the 
initial  powder  having  an  anreragm-graln-size  ratio  (coarse  to  fine 
fraction)  of  30  and  containing  €0  to  70%  of  the  former  and  4o  to  30% 


of  the  latter. 

The  total  and  contact  grain- surface  areas  of  a  granular  material 
are  among  Its  most  Important  parameters.  The  first  of  these  areas  is 
determined  by  the  grain  sizes  and  the  degree  of  surface  roughness. 

On  dividing  a  cube  having  a  side  length  a  and  a  surface  area 
6a  into  cubes  having  a  aide  a/n,  we  obtain  n-^  cubes  having  a  total 
surface  area  of 

II*  Gita*. 

«* 

Thusj  the  specific  surface  area  (surface  of  a  unit  weight)  of. 
a  granular  mass  is  Inversely  proportional  to  its  grain  size.  Below 
we  present  values  of  the  total  surface  area  of  a  body  corresponding 
to  different  degrees  of  fractionation. 


l)  Length  of  cube  side  in  cm;  2)  total  surface  area  of 
smaller  cubes,  cm^. 

The  distribution  of  the  total  grain  surface  area  of  a  polydis- 
perse  powder  among  its  various  fractions  is  worthy  of  attention. 
Practical  experience  indicates  that  even  with  a  relatively  small 
weight  content  of  the  finer  fractions  in  a  powder  mixture,  they 
usually  account  for  a  highly  significant  fraction  of  the  total  grain- 
surface  area.  This  is  one  of  the  principal  causes  for  the  differing 
rates  of  physicochemical  transfoznnations  observed  for  the  various 
fractions. 

i 

Due  to  tie  fact  that  in  a  granular  mass,  the  surfaces  of  con¬ 
tiguous  grains  are,  on  the  average,  separated  from  one  another  by 
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i, 


a  distance  that  exceeds  their  dla> 
meter  by  a  factor  of  1.2  to  1.5*  the 
contact  area  differs  considerably 
from  the  total  graln>surface  area. 

It  would  be  of  interest  to 
ascertain  the  possible  relationships 
between  the  contact  and  total  surface 
areas  of  a  loose-poured  mass. 


Fig.  10.  Diagram  of  contact  be¬ 
tween  two  spherical  grains. 


We  shall  regard  surfaces  as 
being  In  contact  If  the  distance  be¬ 


tween  them  does  not  exceed  the  effective  radius  of  the  molecular 


forces.  As  we  know«  the  size  of  this  radius  Is  reckoned  in  Angstroms, 

Q 

l.e..  Is  of  the  order  of  10  cm.  Depending  on  the  conditions  under 
which  the  various  solid-phase  processes  are  effected  In  the  tech¬ 
nology  of  silicates  and  alumina  and  In  electrothermal  and  other  proc¬ 
esses,  the  average  grain  size  of  the  Initial  reagents  may  be  assumed 
to  lie  between  1  and  10~^  cm. 

Let  us  now  ratum  to  smooth,  dry  spherical  particles  (grains) 
of  uniform  diameter.  Let  two  such  particles  of  radius  r  be  In  con¬ 
tact  at  a  certain  point  A  (Fig.  10).  Let  S  denote  the  effective  mole¬ 
cular-force  radius  and  a  the  central  (solid)  angle  subtended  by  that 
part  of  the  spherical  surface  of  any  of  the  grains  that  comes  Into 
the  sphere  of  Influence  of  the  molecular  forces  of  another  grain.  The 
cosine  of  half  this  angle  may  be  determined  frcxn  the  equality 

S  =  r(l-co*-5-).  (14) 

For  S  *  10  cm  and  r  ■  10  to  10  ^  cm,  we  find  from  Eq.  (l4) 
that  a  wmg  asauae  values  from  a  few  (1-2)  seconds  to  several  minutes; 
tStem  ctrrespcctds  to  a  theoretically  possible  contact- surface  area 
bcftween  particles  ranging  from  ICT^  to  lOr^  of  the  total  surface  area 
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of  these  particles. 

The  results  of  a  number  of  investigations  (47,  58,  59I  Indicate 
that  In  real  masses,  the  area  of  the  contact  surface  between  their 
grains  Is  reckoned  In  millionths  and  even  ten-mlllionths  of  the  total 
grain- surface  area. 

If,  regarding  the  grains  as  spherical,  we  assume  that  the  free 
space  between  them  Is  equal  to  50%  of  the  total  volume  of  the  loose- 
poured  mass  that  they  compose,  and  that  the  contact  area  between  them 
Is,  In  accordance  with  experimental  data,  reckoned  In  quantities  of 
^he  order  of  10“^j6  of  their  total  surface  area.  It  will  be  easy  to 
obtain  approximate  values  for  the  contact  area  between  the  grains  in 
powders  and  granulated  masses  of  various  grain  sizes  (Table  10). 

TABLE  10 

Epical  Values  of  Contact  Surface  Area  Between  Particles 

of  Flne-Qranular  Mass.* 
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*Computed  assuming  that  the  grains  are  spherical  and  . 

V  =  50<. 

sv  - 

1)  Grain  diameter  In  cm;  2)  grain  volume  In  cm"^;  3)  grain 

surface  area  in  cm^;  4)  number  of  grains  In  1  cm^  of  mass; 

5)  surface  area  of  grains  in  1  cm^  of  mass,  In  cm^; 

6)  approximate  .contact-surface  area  between  grains  per 

q  2 

1  cm~’  of  mass,  in  cm  . 

Obviously,  the  rough  surfaces  of  the  particles  In  real  masses 
will  be  many  times  their  apparent  surface  area,  and  this  will  ai^ly 
with  greater  force  to  the  surface  area  of  spheres  of  the  same  size. 
Values  exceeding  the  apparent  surface  area  as  confuted  on  the  basis 
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of  microscopic  measurements  of  grain  size  [6o,  61]  by  hundreds  and 
thousands  of  times  have  been  obtained  by  determining  the  true  surface 
area  of  ppwdered  masses  by  the  dye-adsorption  method.  However,  the 
same  roughness  interferes  with  contact  between  particles,  tending  to 
hold  them  apart  (Fig.  11a,  b,  c,  d) .  Consequently,  we  ma>;  without 
incurring  any  significant  error,  assume  the  order  of  magnitude  of 
the  contact  surf ace ■ between  particles  of  fine-grained  masses  to  be 
identical  to  those  Indicated  In  Table  10. 

Shaken  and  pressed  granular  solids,  which  are  frequently  used  in 
j?esearch  and  industrial  practice,  differ  considerably  as  regards 
their  parameters  from  free-poured  powders.  The  porosity  of  the  shaken 
powders  usually  runs  to  only  35  to  70  (sometimes  8o)  as  a  result 
of  the  closer  approximation  of  the  grains. 

In  the  majority  of  cases,  the  total  and  contact  areas  of  the 
grains  remain  essentially  the  same  after  the  shaking  process. 

The  following  basic  changes  take  place  in  a  real  granular  mass 
when  it  is  compressed  (pressformed)  with  sufficient  force: 

a)  the  average  distance  between  the  surfaces  of  contiguous  grains 
is  reduced;  . 

b)  the  shape  and  area  of  the  grain  surfaces  change; 

c)  the  contact-surface  area  between  the  grains  changes. 

Theoretically,  compression  of  such  a  mass  may  also  result  in  a 

certain  reduction  in  the  Intraparticle  porosity  and  in  a  resulting 
Increase  in  the  apparent  density  of  the  grains.  However,  the  com¬ 
pressibility  of  solids  is,  as  we  know,  negligible.  Deformation  of 
powder  masses  naturally  takes  place  at  the  expense  of  the  first  and 
second  of  the  phenomena  enumerated  above,  to  the  extent  that  they  can 
take  place  at  all.  Under  practical  conditions,  therefore,  the  Increase 
in  the  apparent  density  of  the  actual  grains  as  the  pressure  on  the 
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Fig.  11.  Arrangement  of  grains  in  powdered  masses, 
a)  Anthracite  powder  (44x);  b)  anthracite  oowder 
(86x)j  c)  close-shaken  anthracite  powder  (86x); 
d)  metallic-copper  powder  produced  by  reduction  of 
CuSOj^  (250x) . 


mixture  rises  can  be  disregarded. 

As  regards  the  distance  between  the  surfaces  of  the  grains,  the 
reduction  that  it  suffers  In  the  compression  process  may  be  quite 
considerable.  Given  sufficiently  large  compression  pressure  supplied 
to  a  powdered  material,  its  porosity  can  be  reduced  practically  to 
zero.  The  grain-surface  contact  area  also  undergoes  a  considerable 
change  on  conpresslon.  It  has  been  shown  experimentally  [58,  59]  that 
the  contact- surface  area  (more  precisely,  the  area  S  of  the  projec¬ 
tion  of  the  contacting  sections  onto  a  plane  normal  to  the  direction 
of  the  pressure)  Is  proportional  to  the  compressing  pressure. 

If  a  certain  pressure  acts  on  two  bodies  In  contact  with  one 
another  at  supporting  contact  pTt>Jectlon8  and  compresses  them,  the 
Increase  In  their  contact- surface  area  begins  when  the  specific 
pressure  exceeds  the  critical  stress  Oj^  of  the  material,  at  which  it 
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begins  to  deform  plastically.  For  a  constant  value  of  the  pressure, 
this  increase  In  the  area  S  continues  until  the  specific  pressure 
is  reduced  to  the  value 

An  increase  in  contact  area  may  take  place  either  bedause  of  an 
Increase  In  the  area  of  the  existing  contact  zones  as  a  result  of 
plastic  or  brittle  deformation  of  the  material,  or  as  a  result  of 
the  appearance  of  new  contact  points.  The  true  picture  of  the  Increase 
In  contact  area  may  be  more  or  less  complex,  depending  on  the  relative 
spatial  arrangements  of  the  Individual  grains,  the  relationship  be¬ 
tween  their  strength  values,  the  presence  and  distribution  of  super¬ 
ficial  Impurities,  and  certain  other  factors.  An  Increase  in  contact*,..,., 
area  on  compression  may  also  take  place  as  a  result  of  the  appearance 
of  depressions  on  the  grain  surfaces  under  pressure  from  projections 
on  other  grains.  In  accordance  with  the  description  given  by  R.  Barta 
[62],  and  as  a  result  of  crushing  of  high  spots,  as  is  most  fre¬ 
quently  assumed  in  powder  metallurgy. 

The  significance  of  each  of  these  phenomena  may  vary,  depending 
on  the  conditions  of  the  process. 

When  a  granular  material  Is  heated,  the  total  and  contact  areas 
of  Its  grains  may  undergo  essential  changes.  The  nature  and  qualita¬ 
tive  laws  of  these  changes  will  be  associated  to  a  considerable  de¬ 
gree  with  the  phenomena  of  sintering  and  recrystalllzatlon  to  be  con¬ 
sidered  below  (Chapter  2,  §  2).  Here  we  note  only  that  even  simple 
thermal  expansion  of  the  grains  of  a  free-poured  powder  on  heating 
may  result  in  an  irreversible  filling  of  Its  pores,  l.e..  In  reduced 
porosity  and  Increased  contact  area  (the  reverse  effects  are  also 
possible  on  heating  of  pressformed  granular  masses  [47,  63,  64]). 

The  natural  and  technical  conditions  prevailing  in  formation  of 
crystalline  bodies,  and  crystalline  povjdered  material  in  particular, 
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together  with  the  high  specific  porosity  of  the  latter,  are  respon¬ 
sible  for  the  pi?eaence  of  foreign  ImpuT’ltles  In  them.  Strictly 
speaking,  one  quantity  or  another  of  Impurities  in  crystals  is 
practically  inevitable  in  all  cases  when  they  are  produced  from  V 

. 

either  the  liquid  or  gaseous  phase  by  crystallization,  or  from  the,  ;-v ^ 
solid  phase  by  reacting  it  chemically  with  other  substances. 

It  has  been  established  that  (  ,/en  when  the  conditions  for 
separating  a  solid  phase  from  a  solution  or  melt  are  most  carefully 
observed  with  the  objective  of  obtaining  "pure"  crystals,  they  still 
contain  a  certain  quantity  of  impurities  [46,  63]. 

It  is  also  known  that  crystals 
produced  by  oxidation,  reduction,  or 
exchange  decomposition  of  other  cry¬ 
stals  always  incorporate  a  certain 
quantity  of  the  Initial  substances 
[46,  63]. 

A  considerable  quantity  of  im¬ 
purities  Is  concentrated  at  the  sur¬ 
faces  of  the  grains  In  crystalline 
disperse  masses  as  a  result  of  adsorption.  According  to  Tshebyatov- 
skly  [64],  1  g  of  powder  la  capable  of  adsorbing  several  cubic  centi¬ 
meters  of  gas.  As  we  know,  the  process  of  gas  adsorption  by  a  solid 
results  in  a  reduction  of  the  solid’s  surface  tension  (as  a  result 
of  saturatioi^  of  some  of  the  uncompensated  forces  at  its  surface)  and 
hence  in  a  reduction  of  the  system's  free  energy,  and  is  spontaneous. 

As  a  result  of  the  large  number  of  capillaries  and  pores  in 
many  crystalline  solids,  the  so-called  capillary-condensation  phenome¬ 
non  nmy  exert  considerable  Influence  on  the  process  in  which  they  ad¬ 
sorb  liquids.  When  the  walls  of  narrow  capillaries  are  well  wetted  by 
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Fig.  12.  Adsorption  Isotherm 
in  case  of  capillary  condensa¬ 
tion.  1)  Adsorption;  2)  pres¬ 
sure:  3)  P 

*  ‘jjgg* 


a  liquid,  the  liquid  surface  in  such  capillaries  takes  the  foz*m  of 
a  concave  meniscus.  The  saturation  vapor  pressure  above  such  a  sur¬ 
face,  as  determined  by  the  Thomson  equation, .  is  lower  than  the  satu¬ 
rated-vapor  pressure  above  a  flat  surface  of  the  same  substance. 

As  a  result,  a  vapor  that  would  be  unsaturated  with  respect  to 
a  flat  sxirface  may  prove  to  be  saturated  or  even  supersaturated  If 
it  Is  above  the  surface  of  a  fluid  Inside  the  capillaries  of  a  solid. 
This  Is  what  gives  rise  to  capillary  condensation.  Its  presence  Is 
characterized  by  a  specific  bend  In  the  adsorption  Isotherm  as  It 
approaches  the  saturated-vapor  pressure  (Fig.  12) .  The  position  of 
this  bend  depends  on  the  nature  of  the  pores  In  the  adsorbent. 

Finally,  a  considerable  quantity  of  Impurities  (contsunlnation) 
sometimes  results  from  medianlcal  or  chemical  attrition  of  the  ap¬ 
paratus  in  which  the  grinding,  roasting,  and  other  processes  are 
applied  to  the  solid  phases. 

The  impurity  content  in  the  technical  raw  materials  and  products 
used  In  Industry  are  virtually  always  quite  considerable.  However, 
even  a  "negligible"  Impurity  content  In  a  crystalline  solid,  as  may 
sometimes  arise  in  research  practice,  may  exert  considerable  Influ¬ 
ence  on  the  strength  of  the  solid's  lattice  [8,  33,  ^6,  63],  on  its 
surface  energy  [29],  and  on  Its  properties  [33,  46,  60,  65].  Conse¬ 
quently,  It  Is  not  admissible  to  disregard  even  a  small  Impurity  con¬ 
tent  In  a  disperse  crystalline  body  In  analysis  of  the  processes 
taking  place  In  It. 

We  distinguish  intrapartlcle  and  interparticle  impurities.  The 
latter  Include,  for  example,  surface  Inqpurltles  (on  the  grain  sur¬ 
faces  of  a  disperse  solid),  extremely  thin  layers  of  which  (of  the 
order  of  microns  and  fractions  thereof)  may  influence  processes  of 
mechanical  deformation,  sintering,  recrys^aIlll:a^lon,  and  chemical 
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transformation  of  crystalline  solids. 


Manu¬ 

script 

Page 

No. 

18 


18 


19 


2k 

26 

k5 


46 


24 

39 

39 

ll 


(Footnotes] 


*0.  Ml  [3]  proposed  taking  the  Increased  effect  of  the 
repulsive  forces  at  elevated  temperatures  Into  account 
by  Introducing  a  third  term  In  Eq.  (1)  (with  the  sane 
sign  as  the  second): 

C(T)/r 

where  C(T)  Is  a  certain  function  of  temperature  and 
symbatlc  to  It,  and  n^  is  a  constant  that  will  obviously 

depend  on  the  nature  of  the  lattice  and  the  propez^les 
of  the  solid. 

••According  to  contemporary  conceptions  [10,  14-18],  the 
lattice  bonding  energy  reduces  to  the  energy  of  the  valence 
electrons  within  the  Ion  field. 

•In  1955»  Kapustlnskly  and  yatsimlrskly  [21]  took  Into 
consideration  the  dependence  of  the  coefficient  p  on  the 
distance  between  Ions: 

p  -  0.345  -  0.00435  (r^  + 

thereby  further  refining  the  expression  for  the  lattice 
energy  of  Ionic  crystals 


a ,, o,;... M  1 ,  _ 15 (r, jccal/mol« 

r,  .  r,  I  r,  j-r,  J 


(3a) 


•There  Is  as  yet  no  dependable  method  for  measuring  the 
surface  energy  of  solids. 

•We  use  the  tens  "Imperfect"  for  a  crystal  that  has  the 
stoichiometric  composition  but  stJTuctural  defects  [33]- 

•The  only  exceptions  to  this  are  sorbents,  refractories, 
heat-lnsulatlng,  and  other  materials  whose  Increased 
porosity  Is  created  artificially. 

•The  properties  of  the  oven«jhelmlng  majority  of  substances 
tested  but  not  included  In  the  table  are  analogous  to  the 
properties  of  the  compounds  listed  in  it. 


[List  of  Transliterated  Symbols] 

xiinx  *  zhldk  «  zhldkost '  *  liquid 
6  ;  ■  b  ■  bol ' shoy  ■  large 
M  «  m  ■  malyy  *  small 
cp  ■  sr  ■  srednly  ■  average 
t(r  ■  tan 
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43  CB  »  8V  ■  svobodnyy  »  free 

44  8  -  B  »  zerno  ■  grain 

44  n  *  p  <■  puatota  >  airspace 

44  B  *  V  «  veahcheatvo  *  substance 

44  nojiH  -  poln  -  polnyy  «  full,  total 

44  H  ■  n  -  nasypnoy  -  poured,  loose 

54  K  ■  k  ■  kriticheskly  «  critical 

56  Hac  ■  nas  ■  nasyshcheniye  ■  saturation 
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Chapter  2 

BEHAVIOR  OF  SOLIDS  ON  HEATING 

§  1.  THERMAL  MOTION  OP  PARTIC  .'S  IN  SOLID.  DIFFUSION  IN  SOLIDS 
How  do  crystalline  substances  behave  on  heating? 

Many  of  the  specific  properties  of  the  course  of  reactions  In 
solid  mixtures  are  naturally  related  to  the  answer  to  this  question, 
which  Is  a  relatively  simple  one  only  at  first  glance. 

It  was  believed  until  comparatively  recently  that  the  thermal 
agitation  of  particles  In  a  solid  reduces  to  oscillations  of  the  atoms 
about  their  equilibrium  positions,  which  are  governed  by  the  struc- 
tvire  of  the  crystal  lattice.  It  was  known  that  the  amplitude  and  fre¬ 
quency  of  these  oscillations  depend  on  temperature,  but  It  was  as¬ 
sumed  that  at  any  temperature  up  to  the  melting  point  of  a  crystal¬ 
line  solid,  each  of  Its  particles  was  "tethered"  to  Its  own  definite 
(nodal)  point  In  the  lattice.  This  conception,  even  when  it  had  been 
further  corrected  for  thermal  ejqjanslon  of  the  crystals,  was  not  In 
agreement  with  the  possibility  of  diffusion,  solution  (formation  of 
solid  solutions),  and  mutual- diffusion  processes  In  solids. 

According  to  Frenkel',  these  Irreversible  displacements  redude 
to  dlslodgement  of  the  atoms  from  their  Initial  equilibrium  positions 
and  transition  to  new  equilibrium  positions  at  lattice  points  or  In 
lattice  Interstices  that  had  previously  been  vacant.  Such  transitions 
are  natxirally  accompanied  by  the  appearance  of  defects  In  the  crystal 
structure  —  the  "holes"  and  dislocated  atoms  noted  earlier.  As  shown 
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by  Frenkel',  the  appearance  and  migration  of  holes  Is  always  possible 
and,  more  than  that.  Inevitable;  on  the  other  hand,  the  Impilantatlon 
of  atoms  in  the  intervals  between  lattice  points  can  be  of  essential 
importance  only  when  there  is  a  relatively  large  ratio  between  the 
size  of  the  Interstice  and  the  radius  of  the  dislocated  atom  [431. 

In  principle.  It  la  quite  possible  for  particles  of  a  solid  to 
migrmte  successively  between  lattice  points  (from  an  occupied  point 
to  a  nearby  vacant  point),  between  interstlcles  (from  one  to  another 
adjacent  interstice),  and  even  between  points  and  Interstices  (from 
a  point  into  a  neighboring  interstice  and  vice  versa) .  The  result  of 
this  type  of  progressive  elementary  migration  is  diffusion  of  solids, 
which  will  be  dealt  with  in  detail  below,  and  the  formation  of  solid 
solutions,  which  is  associated  with  it. 

In  the  formulation  of  Kurnakov  [66],  crystalline  phases  In  which 
the  proportions  between  the  components  may  vary  without  disturbance 
of  homogeneity  are  known  as  solid  solutions.  It  Is  customary  to 
classify  these  crystalline  phases  Into  three  categories  or  three 
types  in  accoi^lance  with  their  structure:  substitutional  solid  solu¬ 
tions,  interstitial  solid  solutions,  and  subtraction  solid  solutions. 

In  substitutional  solid  solutions  that  have  formed  on  the  basis 
of  a  chemical  element,  the  atoms  of  the  dissolved  substance  replace 
atoms  of  the  solvent  In  the  crystal  lattice,  becoming  distributed 
statistically  among  them  In  the  process  (Fig.  13a).  When- a  substitu¬ 
tional  solid  solution  forms  between  chemical  compounds  of  the  types 
AB  and  AC,  for  example,  NaCl  and  KCl,  the  atoms  (or  Ions)  of  the 
conqponents  are  arrayed  In  accordance  with  diagram  b  (see  Pig.  13). 

In  coiqplex  solid  solutions  of  the  same  type  —  composition  A,  B,  C,  D  — 
tlie  atoms  or  ions  are  arranged  in  accordance  with  diagram  c,  and  in 
those  of  coiqpositlon  A,  AB  (in  solutions  of  a  component  A  In  a  cheml- 
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cal  compoimd  AB),  they  are  distrlbutedi  In  accordance  with  diagram  d. 

In  interstitial  solid  solutions,  the  atoms  of  the  dissolved 
substance  are  located  in  the  Interatomic  Interstices  of  the  solvent 
crystal  lattice.  Solutions  of  this  type  are  formed  when  nonmetala 
with  small  atomic  radii  are  dissolved  in  certain  metals.  The  inter¬ 
stitial  solid  solutions  include,  for  example,  austenite  —  a  solution 
of  carbon  in  Y-lron  (Pig.  l4) .  A  distinctive  structural  property  of 
interstitial  solutions  Is^he  strong  bonding  between  the  interstitial 
atoms  and  the  solvent  atoms;  this  results  in  solutions  of  this  type 
having  high  hardness  and  high  melting  points.  Examples  are  the  car¬ 
bides  of  tungsten,  molybdenum,  titanium,  vanadium,  and  Iron  and  Iron 

and  tltanlvim  nitrides,  which  are  Important  factors  in  contemporary 

\ 

metallurgy. 

In  subtraction  solid  solutions  (also  known  as  defect-lattice 
solutions),  the  atoms  of  one  of  the  components  normally  occupy  all 
normal  positions,  while  certain  positions  of  the  second- component 
atoms  remain  vacant  (Pig.  15).  Solutions  of  this  type  are  formed  only 
on  the  basis  of  chemical  compounds. 

Subtractlonal  solid,  solutions  are  known  in  which  certain  points 
belonging  to  different  components  of  the  solution  are  vacant.  These 
include,  for  example,  certain  oxides  of  titanium.  In  which  points 
"intended"  for  Ions  of  both  the  oxygen  and  the  metal  are  found 
vacant  [67]. 

Due  to  the  difference  between  the  atomic  radii  of  the  solvent 
and  the  solute  element,  the  crystal  lattice  of  a  substitutional 
solid  solution  Is  usually  somewhat  distorted  (Pig.  I6) .  Distortions 
of  much  greater  severity  arise  on  Implantation  of  atoms  of  the 
solute  substance  in  the  interatomic  interstices  of  the  solvent,  and 
on  formation  of  vacancies  in  the  crystal  lattice,  l.e..  In  forniBtlon 
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Pig.  13.  Substitutional  solid  solutions,  a)  Be¬ 
tween  elements  A  and  B;  b)  between  the  chemical 
compounds  AB  and  AC;  c)  between  the  elements 
A,  B,  C,  D;  d)  between  elements  A  and  compound 

AB. 
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Pig.  l4.  Interstitial  solid 
solution.  (100)  plane  of 
austenite  crystal. 
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Pig.  15.  Subtractions!  solid 
solution  (wuestlte). 


of  interstitial  and  subtractions!  solid  solutions.  The  presence  of 
such  distortions  Is  confirmed  by  the  results  of  numerous  experi¬ 
mental  studies  [67-72  and  others). 

It  Is  obviously  Important  to  know  the  composition  and  struc¬ 
ture  of  the  solid  solutions  that  arise  In  the  course  of  a  reaction 

-  62  - 


c  d 

Pig.  l6.  Distortion  of  crystal  lattice  on  forma¬ 
tion  of  solid  solutions,  a,  b)  Substitutional; 
c)  interstitial;  d)  subtract ional . 

to  draw  inferences  concerning  the  chemical  activity  of  a  given  mix¬ 
ture  of  crystalline  reagents  and  to  understand  the  nature  of  the 
diffusion  that  accompanies  chemical  reaction  in  such  a  mixture. 

The  limited  information  available  in  this  field  represents  a 
serious  hindrance  to  further  study  of  reactions  between  solids. 

According  to  Wegard's  rule  [73],  the  lattice  parameter  of  a 
solid  solution  is  a  linear  function  of  its  composition,  l.e.,  it 
varies  linearly  with  changes  in  molecular  concentration.  In  actuality, 
this  rule  Is  seldom  Justified;  in  the  majority  of  cases,  we  observe 
deviations  having  only  the  positive  sign  (the  lattice  parameter  of 
a  solid  solution  exceeds  the  value  corresponding  to  the  linear  law) 
or  only  the  negative  sign.  Deviations  of  the  second  kind  are  en¬ 
countered  more  frequently. 

As  shown  by  Pines  [7^1 »  Regard's  rule  may  be  exactly  valid  only 
in  cases  of 

a)  incompressible  atoms,  when  the  compressibility  coefficients 
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of  the  solute  and  solvent  atoms  are  equal  to  zero,  ^  0  and 

b)  "elastic"  atoms.  In  which  case  these  compressibility  coef¬ 
ficients  are  equal:  fc^  «  ic^. 

In  the  general  case  with  4  <2»  deviations  from  linearity  must 
take  place,  with  the  sign  of  the  deviation  determined  by  the  sign 
of  the  product  (Rj^  -  Rg)  —  /c^),  where  Rj^  and  Rg  are  the  radii 
of  the  solute  and  solvent  atoms,  respectively. 

When  (Rj^  -  Rg)((C2  -  '^2^  ^  l.e.,  when  the  atoms  with  the  larger 

radius  have  the  lower  compressibility  coefficient,  the  deviations 
from  linearity  must  have  the  positive  sign,  i.e.,  the  linear  dimen¬ 
sions  of  the  solid  solution  (its  lattice  constants)  must  be  larger 
than  those  computed  by  Wegard's  rule.  When  the  atoms  with  the  larger 
radius  have  the  larger  compressibility  coefficient  (the  case  most 
frequently  encountered),  the  deviations  should  have  the  negative  sign. 

Many  theoretical  and  experimental  investigations  have  been 
devoted  to  diffusion  in  solids.  Their  result  has  been  establishment 
of  the  essential  part  taken  by  diffusion  phenomena  in  sintering,  re- 
crystalllzatlon,  "relaxation,"  and  chemical  reactions  of  crystalline 
solids  and  in  certain  other  important  processes  in  which  they  undergo 
transformation,  in  earlier  treatments  of  which  Inadequate  attention 
or  no  attention  at  all  had  been  devoted  to  diffusion. 

Consequently,  study  of  diffusion  in  solids  is  of  great  theoreti¬ 
cal  and  practical  Importance.  The  basic  tasks  of  this  study  are  to 
ascertain  the  mechanism  and  kinetics  of  diffusion,  the  influence  that 
it  exerts  on  various  factors  (the  structure  of  the  solid,  the  tem¬ 
perature  of  the  process,  the  concentration  of  the  diffusing  element, 
and  so  forth),  and  its  effects  on  other  phenomena  that  take  place 
in  solids. 

In  permitting  us  in  many  cases  to  ascertain  the  interaction 
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energy  and  mobility  mechaniom  oi'  elements  In  the  crystal  lattice, 
as  well  as  the  nature  of  their  defects,  study  of  diffusion  is  also 
of  great  Importance  for  development  of  the  theory  of  solids. 

Certain  problems  related  to  diffusion  cannot  be  examined  with 
sufficient  rigor  within  the  framework  of  contemporary  solid-state 
theory,  and  remain  without  exact  solutions  to  this  day.  As  a  result, 
sharply  simplified  models  of  the  true  phenomena  are  still  generally 
used  in  describing  them.  TV.'  ee  problems  include  bulk  diffusion  In 
alloys,  diffusion  along  crystal  faces,  surface  migration  of  matter, 
dilffuslon  complicated  by  cV. ordeal  reaction,  and  certain  others. 

However,  the  information  available  on  diffusion  in  solids  at 
present  time  is  adequate  to  Illuminate  the  basic  quanltatlve  laws 
governing  this  process  and  to  characterize  the  basic  problems  and 
tx^nds  in  subsequent  iresearch  on  it. 

Diffusion  is  migration  of  matter  as  a  result  of  the  chaotic 
motion  of  its  particles  governed  by  kinetic  energy,  or  their  direc¬ 
tional  motion  as  governed  by  concentration  gradients  or  chemical 
potentials.  In  the  latter  case,  diffusion  takes  place  in  the  direc¬ 
tion  of  lower  concentration  of  the  diffusing  agent  or  higher  chemi¬ 
cal  potential  of  the  solvent.  In  practice,  diffusion  is  frequently 
the  result  of  a  combination  of  both  of  these  phenomena. 

The  diffusive  processes  that  take  place  in  solids  are  distin¬ 
guished  by  wide  variety.  We  distinguish,  first  of  all,  between  self- 
diffusion  and  heterodiffusion  in  solids  in  accordance  with  whether 
a  crystal  lattice  is  subject  to  migration. of  its  own  elements  (atoms) 
or  that  of  foreign  atoms,  ions,  and  so  forth. 

Quantitative  investigations  were  started  much  earlier  for  heteiro-  ■ 
dlMtelaa  ttoan  for  self-diffusion;  prior  to  the  work  of  Kheveshl  [sic] 
V733  7^3,  study  of  the  latter  was  made  difficult  by  the  impossibility 
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of  labeling  atoma  of  a  given  substance  and  thus  tracing  their  motion 
In  the  crystal  lattice.  At  the  present  time,  the  taggad«atoms  method 
can  be  used  for  quantitative  study  of  self-diffusion  on  a  large 
scale. 

In  accordance  with  the  manner  in  which  the  atoms,  ions,  or  mole¬ 
cules  migrate,  we  distinguish  bulk  diffusion  (diffusion  taking  place 
in  the  Interior  of  the  lattice),  diffusion  along  faces  and  defects 
of  the  crystals  (along  "Internal  surfaces'*  of  the  solid),  and  surface 
diffusion  (diffusion  along  the  external  surfaces  of  grains).  The 
first  of  these  has  been  most  thoroughly  studied,  and  the  latter  to 
a  considerably  lesser  degree;  as  concerns  diffusion  along  crystal 
faces  ("Internal  surfaces"),  only  fragmentary  information  is  avail¬ 
able  concerning  it. 

In  the  case  of  displacement  of  matter  in  a  powdered  granular 
mass,  we  also  distinguish  between  external  (between  grain  surfaces) 
and  internal  (intragrain)  diffusion.  In  acco3?dance  with  the  direction 
of  the  diffusion  flows  and  certain  conditions  of  the  process,  we  dis¬ 
tinguish  unidirectional  (unipolar)  diffusion,  equilibrium  (equal 
amounts  in  either  direction)  diffusion  in  the  interior  of  the  solid, 
counterdiffusion  (simultaneous  propagation  of  masses  having  different 
compositions  in  two  opposite  directions),  and  so  forth.. 

There  exist  two  states  of  the  diffusion  flow:  steady  and  noz^ 
steady.  In  the  steady  state,  the  flow  parameters  (e.g.,  the  con¬ 
centration  of  the  diffusing  agent)  do  not  vary  in  time  at  a  given 
point,  and  as  much  material  arrives  in  a  given  elementary  volume 
per  unit  time  as  leaves  it.  Mathematically,  this  is  written  as  follows: 

D(dlvgrad)C-.0.  (I5) 

where  D  is  the  diffusion  coefficient  and  C  Is  the  concentration  of 
the  diffusing  agent  in  the  diffusion  medium. 
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If  diffusion  Is  acco:rij,a.  led  by  chemical  Interaction  between  the 
diffusing  agent  and  the  diffusion  medlisn^  the  phenomenon  Is  severely 
coRV>llcated .  Certain  problems  pertaining  to  this  and  examined  In  the 
papers  by  Wulls  [77]*  Flshbek  [78],  Prank-KamenetSkly  [79]  *nd  other 
Investigators  will  be  elucidated  below. 

TABLE  11 

Influence  of  Atomic  Radius  on  Direction  of  Diffusion 
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l)  System;  2)  minimum  distance  r*10  in  cm;  3)  direc¬ 
tion  of  diffusion;  4)  copper  into  platinum;  5)  copper 
Into  zinc;  6)  iron  into  silver;  7)  gold  Into  lead; 

8)  carbon  Into  Iron. 

The  question  as  to  the  direction  or,  more  precisely,  the  pre¬ 
ferential  direction  of  diffusion,  is  worthy  of  attention.  This  ques¬ 
tion  can  be  formulated  somewhat  differently,  as  follows:  which  of 

two  contacting  solids  will  be  the  solvent  and  which  will  be  the 

\ 

solute,  the  diffusing  agent? 

Sen's  rule  [80],  according  to  which  the  direction  of  the  higher 
diffusion  rate  when  two  bodies  are  brought  into  contact  will  be  In 
the  direction  of  the  body  In  which  the  smallest  interatomic  distance 
Is  larger,  gives  a  first-approximation  answer  to  this  question. 

The  validity  of  this  rule  for  atomic  lattices  Is  illustrated  In 
Table  11. 

The  rate  and,  accordingly,  the  preferential  direction  of  diffu¬ 
sion  in  Ionic  lattices  also  depends  on  the  relationship  between  the 
charges  and  radii  of  the  Ions  and  on  the  related  degree  to  which  they 
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are  polarized. 

The  diffusion  mechanism,  which  is  investigated  in  papers  by 
numerous  authors,  is  quite  complex. 

Accordii^  to  the  first,  simplest  conceptions  of  it,  which  were 
formulated  by  Kheveshi  [75],  the  diffusion  process  is  effected  by 
pairwise  place- changing  by  neighboring  lattice  elements  (atoms)  during 
thez*mal  agitation.  On  the  basis  of  these  conceptions,  which  were  quite 
widely  accepted  in  their  time  (particularly  in  studies  of  solid-phase 
reactions),  and  employing  simple  statistical  reasoning,  Graune  [8l]  . 
made  an  attempt  to  create  a  quantitative  theory  of  thermal  motion  in 
solids . 

Later,  however,  the  concept  of  simultaneous  pi ace- changing  by 
adjacent  lattice  elements  as  the  only  or  basic  phenomenon  governing 
diffusion  was  rejected  for  a  number  of  reasons.  Principal  among  these 
was  the  fact  that  the  concept  excludes  or  Ignores  the  actually  quite 
real  possibility  of  individual  migration  by  an  atom  or  ion  irrespec¬ 
tive  of  the  migration  of  its  neighbors.  Further,  the  probability  of 
simultaneous  migration  by  two  neighboring  lattice  elements  is,  of 
course,  very  low.  Such  migration  requires  either  an  instantaneous 
very  severe  deformation  of  the  atoms  (ions)  that  are  changing  places 
or  displacement  of  the  neighboring  atoms  (ions)  to  a  distance  equal 
to  two  atomic  (ionic)  diameters.  Obviously,  such  a  severe  lattice 
deformation  at  the  points  of  exchange  would  Involve  a  colossal  in¬ 
crease  in  the  lattice  energy  at  these  points.  Finally,  using  the 
above  conception  of  simultaneous  exchange  as  a  point  of  departure,  it 
is  dlfflculc  to  account  for  the  phenomenon  of  electrical  conductivity 
in  ionic  crystals  (since  pairwise  exchange  cannot  produce  a  resultant 
current  Ih  them)  and  certain  other  phenomena  that  are  in  fact  observed. 

The  :oncluslon  that  direct  place- changing  between  neighboring 
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atoms  Is  highly  improbable  has  been  confirmed  experimentally  In  the 
studies  by  Smlgel'kas  and  Klrkendal  [82]  and  Pines  [83,  84]  on  dif¬ 
fusion  In  certain  metals  and  alloys. 

In  1923*  aa  a  result  of  a  study  of  conductd-vlty  In  salt  crystals 
Ioffe  [85]  advanced  new  conceptions  for  the  micKanlsm  of  mass  trans¬ 
fer  In  a  crystal  lattice;  subsequently,  these  served  as  the  basis 
for  a  highly  fruitful  quantitative  theory  of  diffusion  developed  by 
Frenkel'  [86]. 

At  the  present  time,  on  the  basis  of  the  monvunental  work  of 
Frenkel'  and  investigations  by  numerous  other  authors  (see,  for  ex¬ 
ample,  (87-89]),  the  process  of  diffusion  In  the  crystal  lattice 
may  be  represented  as  consisting  of  the  following  basic  phenomena: 

1)  displacement  of  an  element  (atom)  of  the  lattice  from  its 
regular  position  at  a  lattice  point  into  an  irregular  position  In  an 
Interstice  ("dissociation"  of  bound  atoms); 

2)  migration  of  the  lattice  element  from  a  regular  position  to 
a  regular  position; 

3)  migration  of  the  lattice  element  from  a  regular  or  irregular 
position  to  a  vacant  point  of  the  lattice  —  a  "hole"  ("association" 
of  dissociated  atoms); 

4)  migration  of  vacant  points  ("holes")  of  the  lattice  (suc¬ 
cessive  Jumps  by  atoms  or  ions  of  the  lattice  from  the  regular  posi¬ 
tions  that  they  occupy  to  other,  nearby,  unoccupied  regular  posi¬ 
tions)  . 

It  Is  these  phenomena  —  motion  of  "vacancies"  and  dissociated 
atoms  —  that govern  diffusion  and  electrolytic  conduction  in  crystals. 

In  principle,  all  of  the  mechanisms  listed  above  for  mass  trans¬ 
fer  In  .lattices  are  possible,  as  is  direct  place- changing  by  atoms 

> 

or  mlgi^atlon  of  atoms  as  a  result  of  the  construction  of  new  super- 
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ficlal  layers  on  the  crystal  (see 

below).  This  is  conflzmed  by  the' 

appearance  of  the-  widest'  variety  of 

changes  In  the  crystal  structure  as 

a  result  of  many  cases  of  diffusion; 

in  particular,  we  note  the.  formation 

of  the  various  types  of  solid  solu- 

Plg.  17.  Variation  of  potential  tlons. 
energy  on  migration  of  atom: 

a)  from  lattice  point  Into  However,  any  one  of  the  mechanisms 

Interstice;  b)  from  Interstice 

Into  next  Interstice.  1)  Poten-  may  be  dominant  In  each  specific  case, 
tlal  energy;  2)  displacement. 

Let  us  compare  them  with  one  another. 

As  was  Indicated  above,  the  part  taken  by  direct  place>changlng 

% 

Is  virtually  negligible  in  diffusion  processes. 

The  penetration  of  a  dislocated  atom  into  an  Interstice  In  the 
first  or  second  variant  of  the  diffusion  mechanism  Involves  outward 
displacement  of  the  atoms  about  the  new  position  of  the  atom  In  the  ■ 
Interstice.  This,  the  lattice  becomes  severely  deformed  In  the  neigh¬ 
borhood  of  a  dislocated  atom  (see  Fig.  16} .  This  deformation  requires  ' 
a  large  expenditure  of  energy,  composed  of  the  energy  difference 
between  the  Interstitial  and  regular  positions  and  the  height 
of  the  additional  potential  barrier  that  must  be  overcome  to  move 
the  atom  from  Its  regular  position  to  the  Interstice*  (Pig.  17).  As 
a  result  of  this  deformation,  however,  the  energy  barrier  that  must 
be  overcome  by  the  dislocated  atom  on  Its  subsequent  migration  Into 
a  new  position  (In  the  second  variant  of  the  mechanism)  Is  lower  than 
the  barxler  overcome  on  transition  to  the  Interstice  from  the  normal 
lattice-point  position  (In  the  first  variant),  l.e.,  dislocated  atoms 
poBsesB  elevated  mobility. 

The  w:(rk  of  "hole  migration,"  l.e.,  the  work  of  kicking  an  atom 


VK/' 
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Into  a  vacant  point,  thus  vacating  Its  original  lattice-point  position 
and  subsequent  substitution  of  the  vacant  point  by  an  atom  that 
Jumps  into  it  from  another  nearby  lattice  point,  does  not  involve 
displacement  of  lattice  atoms  and  is  therefore  considerably  smaller, 
than  the  work  of  dislocation  of  an  atom. 

If  an  atom  in  a  superficial  layer  of  a  crystalline  solid  goes 
only  to  the  surface  of  the  body  but  not  into  the  gaseous  phase  as -a 
result  of  its  vaporization,  the  result  may  be  the  appearance  of  a  riew 
surface  layer.  The  place  vacated  by  the  atom  that  has  migrated  to 

p-T 

the  surface  may  be  taken  by  one  of  the  atoms  of  the  same  (surface* 
adjacent)  layer  or  an  Internal  layer  near  it.  The  vacated  position 
may  be  replaced  by  some  atom  of  the  same  or  the  next  inwaz^  layer.  In 
this  case,  vacancies  ("holes")  are  again  forming  and  then  migrating. 

The  work  required  to  move  an  atom  to  the  surface  is  rather  large. 
However,  the  energy  barrier  to  be  overcome  here  is  smaller  than  the 
one  that  must  be  overcome  In  moving  an  atom  to  the  gaseous  phase  or 
in  its  migration  into  an  interstice. 

The  modem  theory  of  solids  enables  us  to  evaluate  the  activa¬ 
tion  energy  of  diffusion  for  its  various  mechanisms.  Such  calcula¬ 
tions  Indicate,  firstly,  that  the  heat  of  activation  is  larger  for 
direct  exchange  than  in  dislocation  to  an  interstice,  and  that  the 
latter  is  larger  than  the  heat  of  evaporation  to  the  surface. 

According  to  the  calculations  of  Huntington  and  Seitz  [90],  the 
activation  heat  of  self -diffusion  of  copper  is,  for  example,  400  for 
direct  exchange,  230  for  dislocation,  and  64  kcal/g-atom  for  the 
"hole"  mechanisms;  according  to  experimental  data,  this  quantity 
amounts  to  about  50  kcal/g-aton. 

Let  us  note  that  heterodiffusion  in  crystalline  is  In¬ 

timately  related  to  the  phenomenon  of  self-diffusion.  In  principle, 
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the  mechanisms  of  the  two  processes  are  Identical.  However*  as  has 
been  established  by  experiment*  the  activation  energy  of  the  self- 
dlfhislon  process  Is  always  larger  than  that  of  heterodiffusion  In 
a  given  lattice. 

Simultaneously  with  the  appearance  of  ''holes”  due  to  dissocia¬ 
tion  of  at(xiis*  holes  also  vanish  In  the  lattice  due  to  the  so-called  . 
recombination:  encountering  "holes”  that  are  migrating  In  the  lattice 
during  their  own  migrations  among  the  Interstices*  the  dissociated 
atoms  occupy  their  positions*  thus  eliminating  defects  of  both  types 
(dislocated  atoms  and  "holes"). 

The  probability  that  a  wandering  atom  will  encounter  a  "hole" 

In  the  course  of  1  sec  is  obviously  proportional  to  the  nxunber  of 
migrating  dissociated  atoms  and  "holes"  per  unit  volume. 

Since  the  appearance  of  either  type  of  defect  Is  governed  by 
thermal  motion*  the  number  of  defects  will  Increase  with  Increasing 
temperature  In  accordance  with  a  certain  law. 

Proceeding  from  the  laws  of  statistical  physics*  Frenkel*  [86] 
proved  that  a  certain  equlllbrlvun  concentration  of  the  two  types  of 
defects  corresponds  to  each  temperature;  at  this  concentration*  the 
nxunbers  of  elementary  dissociation  and  recombination  events  taking 
place  per  unit  time  are  the  same.  The  number  of  vacancies  ("holes") 

Ny  In  the  crystal  may  be  expressed  for’ any  temperature  T  by  the 
equation 

N,zzN^-^,  (16) 

where  Is  the  total  number  of  lattice  points,  k  Is  Boltzmann's  con¬ 
stant*  U  Is  the  energy  of  formation  of  the  vacancies. 

As  regards  its  order  of  magnitude*  the  quantity  U  Is  closely 
similar  to  the  latent  heat  of  evaporation*  from  which*  among  other 

things.  It  follows  that  the  "hole  concentration"  In  the  crystal  Is  a 
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<|uantlty  of  the  sane  order  as  this  crystal's  saturation  vapor  con¬ 
centration  in  the  surrounding  space  at  the  sane  temperature. 

Let  us  dwell  briefly  mi  the  problem  of  the  latent  energy  of 
deformation  of  a  real  crystalline  solid.  As  we  know,  this  energy 
(which  varies  from  a  few  calories  to  several  hundred  -  calories  per 
graB.«K>leeule),  as  well  as  the  nature  of  and  laws  governing  its  liber¬ 
ation  during  roasting,  depend  on  the  nature  and  relative  hunber  of 
the  defects  present  in  the  solid. 

According  to  the  conceptions  of  Hott  [92],  which  are  most 
widely  accepted  at  the  present  time,  the  latent  energy  may  be  accum- 
lated  in  groups  and  collections  of  dislocations  that  have  been  held 
up  at  obstacles  and  be  linked  with  vacancies  and  dissociated  atoms. 
Above  we  discussed  only  isolated  dislocations.  It  should  be  noted 
that  the  energy  of  fomatlon  of  a  certain  number  of  Isolated  disloca¬ 
tions  is  very  small  as  cmnpared  with  the  energy  of  formation  of  a 
dislocation  group,  since  in  the  latter  case  it  is  necessary  to  do 
work  against  the  forces  repelling  them  from  one  another. 

The  following  processes,  a  partial  description  of  which  was 
given  above  and  which  take  place  on  heating  of  a  crystalline  solid, 
are  of  interest  in  connection  with  the  problem  being  considered: 

1)  elimination  of  vacancies  (as  a  result  of  their  diffusion  to¬ 
ward  the  boundaries  of  blocks  and  disappearance  at  these  boundaries), 
which  is  accompanied  by  evolution  of  part  of  the  latent  energy  and  an 
Increase  in  the  density  of  the  solid; 

2)  disappearance  of  dislocated  atoms  with  the  evolution  of 
energy;  this  results  in  no  essential  change  in  the  density  of  the 
solid; 

3)  ^distribution  of  the  dislocations  in  groups,  which  is  accom- 
panied  bj'  a  reduction  in  the  system^s  energy  margin; 


4)  dispersion  of  dislocation  groups  into  isolated  dislocations « 
which  is  aeecsnpanied  by  liberation  of  energy. 

Determining  the  activation 
energy  of  the  process  taking 
place  in  the  solid  during  its 
annealing,  and  observing  the 
changes  that  take  place  in  the 
solid's  density,  conductivity 
and  hardness  during  this  process, 
we  may,  to  a  certain  degree, 
draw  inferences  as  to  its  na¬ 
ture.  Klerbro  [93*  94]  observed, 
e.g.,  for  copper,  that  the  lib¬ 
eration  of  latent  energy,  which 

is  acccsnpanied  by  a  drop  in  the  resistivity  ana  hardness  of  tne  soila 
(Fig.  l8),  is  associated  with  recrystallization  of  copper  in  the  tem¬ 
perature  interval  studied. 

It  Biay  be  assumed  that  the  disappearance  of  vacancies  and  the 
liberation  of  energy  associated  with  this  disappearance  take  place  at 
lowez  temperatures  in  copper  than  would  be  indicated  by  KlerbTO's 
experiments. 

In  heating  of  nickel,  liberation  of  latent  energy  takes  place 
in  three  stages  (Fig.  19) •  In  the  first,  low -temperature  stage,  it 
is  not  associated  with  a  chamge  in  hardness,  but  is  accompanied  by  a 
drop  in  the  metal's  resistivity.  Such  phenomena  may  be  governed  chief¬ 
ly  by  the  disappearance  of  vacancies.  A  subsequent  vinlform  evolution 
of  energy  (second  stage)  in  the  temperature  z^glon  extending  approxi¬ 
mately  from  300^  to  550^  may  be  associated  with  motion  and  redistribu¬ 
tion  of  dislocations  and  a  decline  in  the  energy  of  their  interaction. 
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Fig.  l8.  Evolution  of  latent  en¬ 
ergy  (I),  variation  of  resistivi¬ 
ty  (II)  and  hardness  (III)  in  an¬ 
nealing  pf  copper  [93,  943. 

1)  Ap  ?lof^  ohm-cm];  2)  mw. 


In  this  to^wrature  Interval «  the  dislocation ><li8appearance  process 
nay  proeeed  by  annihilation  of  dislocations  having  opposite .signs. 
The  third,  hi|^-tenperature  peak  In  the  evolution  of  latent  energy 
oorresponda  to  the  reeryatalllzation  teBg>erature  of  nickel  and  la 
aeeonpanled  by  a  sharp  drop  In  hardness  (attesting  to  a  decline  in 
grain  fragnentatlon  and  substructural  changes),  a  small  drop  In  re¬ 
sistivity,  and  a  considerable  Increase  In  density;  this  peak  may  be 
associated  with  decay  of  dislocation  groups  Into  Individual  disloca¬ 
tions,  probably  with  a  simultaneous  decrease  In  the  number  of  dislo¬ 
cations  (and  a  corresponding  Increase  In  density). 

Obviously,  study  of  the  processes  In  which  the  latent  energy 
Is  absorbed  and  liberated  In  the  various  crystalline  phases  of  the 
defect  structure.  In  combination  with  observation  of  the  processes 
In  which  the  above  properties  vary,  may  provide  valuable  Information 
concerning  the  transformations  to  which  these  phases  are  subject. 

Let  us  turn  our  attention  to  the  general  laws  governing  the 
diffusion  process. 

In  the  steady  state  of  the  diffusion  flow,  the  quantity  of  mat¬ 
ter  In  moles  that  diffuses  through  a  layer  having  an  area  dS  [cm^l 
during  a  time  dv  sec  Is  determined  after  Flk  from  the  equation 

rfO=-D— dSdt.  ^^7) 

Here,  dC/dx  Is  the  concentration  gradient  of  the  diffusing  agent  In 
the  diffusicm  layer  In  moles/cm;  D  Is  the  diffusion  coefficient  In 
this  layer  In  cm  /sec.* 

The  minus  sign  before  the  D  Indicates  diffusion  toward  lower 
concentrations  (negative  Increment). 

Obvionsly,  for  dC/dx  -1,  dS  >  1  and  dx  ■*  1, 
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Fig.  19*  Liberation  of  latent  energy  (I), 
variation  of  resistivity  (II)  and  hard¬ 
ness  (III)  In  annealing  of  nickel  [93«  94] • 

l)  dp  [lOT^  ohms-cm);  2)  dp^  bm. 


I  l*e.«  the  diffusion  coefficient  expresses  the  <].uantity  of  natter  that 
»  diffuses  In  a  unit  time  through  a  unit  area  of  the  diffusion  layer 

i 

1  with  a  concentration  gradient  of  \inlty.  The  value  of  D  depends  on 
’  the  properties  of  the  diffusing  agent  and  the  diffusion  medlun,  the 
direction  of  the  flow  (diffusion  anisotropy)  and  the  conditions  of 
diffusion  (the  temperature  of  the  process,  the  concentration  of  the 

In  the  nonsteady  state  of  the 
flow  with  concentration  changes  of 
the  diffusing  agent  In  the  diffu¬ 
sion  layer,  this  change  may  be  des¬ 
cribed  on  the  basis  of  the  follow}* 
Ing  considerations. 

The  amount  of  matter  passing 
by  diffusion  through  plane  I  during  a  time  dv  Into  a  layer  of  volume 
dS'dx  that  Is  bounded  by  planes  I  and  IZ,  which  are  separated  from 
one  another  by  a  distance  dx  (Fig.  20)  is 


diffusing  agent,  and  so  forth). 


Fig.  20.  Diagram  of  diffusion 
process  (Illustrating  deriva¬ 
tion  of  second  expression  of 
Flk'B  law). 
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(18) 


"•  —  ("©I"''- 

urtiilt  the  quantity  of  natter  leaving  this  layer  through  plane  IZ  dur¬ 
ing  the  sane  tine  li  .  '  Z-  '. 

The  aoounulatlon  of  the  diffusing  eubatanee  In  the  volume  under  con¬ 
sideration  dxirlng  the  time  dr  Is 
40.40,-M.-  {[O 


\dSdx. 


(20) 


The  change  In  the  concentration  of  this  material  In  the  volume 
dSdx  Is 


</C» 


40 


4x  \  4x1 


4S  4x  4x 

and  the  rate  of  change  In  the  concentration  Is 

4x  rfjrV  rf*) 


(21) 


(22) 


In  cases  where  diffusion  In  more  than  one  dimension  Is  possible.  It 
Is  more  correct  to  write 


sc 

4x 


~±(d^V 

4x  V  4x1’ 


the  same  applies  for  two  dimensions: 

4C 


d«  4x\  ax  4,1  ^ 


(23) 


(24) 


and  for  three  dimensions 

In  the  simplest  case.  In  which  the  diffusion  coefficient  does  not  de¬ 
pend  on  concentration.  Equations  (23-24)  assume  the  following  respec¬ 
tive  forms: 
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(26) 


(stoond  expression  of  Flk's  lsw)« 


and 


it  ^  dx*  ^y* 


Ot  ix*  ^  i/*  ^  it*  ’r: 


this  last  equation  nay  also  be  written  In  the  f om 


or 


™=!D(dlvgrad)C. 


(27) 

(28) 

(29) 

(30) 


All  this  Is  valid  for  an  Isotropic  medium. 

In  the  case  of  diffusion  anisotropy,  which  Is  frequently  encount* 

ered  In  practice  [88],  we  should  write  Instead  of  Equation  (28) 

i)C  |>  n  iPC  ,  ^ 

d?  +  *  di*  (31) 

(we  note  here  that  the  diffusion  coefficient,  which  Is  a  second-order 
tensor.  Is  Independent  of  temperature  In  cubic  crystals). 

Using  the  appropriate  transformations,  we  may  also  express  Equa¬ 
tion  (28)  In  spherical  polar  coordinates  or  cylindrical  coordinates 
[88]. 

In  the  case,  for  example,  of  spherically  symmetrical  diffusion, 
the  solution  takes  the  fonn 

IT -°l*r +  -;»]•  (32) 

where  r  Is  the  radius  of  the  sphere. 

Substituting  Cr  U,  we  easily  obtain 

(33) 

and  then,  employing  the  techniques  set  forth  for  "two-dmenslonal" 
cases,  arrive  at  analogous  solutions. 


iU  »u 

it  if* 


78 


For  certain  oases*  rigorous  solution  of  Equations  (32*  33)  In¬ 
volves  considerable  difficulty*  and  none  has  as  yet  been  found.  For 
many  eases  that  are  of  practical  Importance*  however*  References  [89* 
95 «  96]  give  a  solution  that  makes  It  possible  .to  find  the  concentra¬ 
tion  C  of  the  diffusing  agent  In  the  diffusion  layer  for  these  eases 
as  a  function  of  x  and  t. 

An  Important  quantity  In  determining  the  diffusion  rate  is  the 
diffusion  coefficient  D  which*  as  was  noted  earlier*  depends  In  turn 
on  a  nxunber  of  factors.  Basic  among  these  are  the  structure  of  the 
solvent  suid  solution  lattices*  the  temperature  of  the  process*  and 
the  concentration  of  the  diffusing  agent  In  the  diffusion  medium. 

All  other  conditions  the  same*  the  value  of  the  diffusion  coef¬ 
ficient  Is  antlbatlc  to  the  solubility  of  the  solid  and  Is  found  to 
be  very  small  In  cases*  for  example*  of  self -diffusion  ("unlimited 
solubility").  This  stems  from  the  fact  that  the  work  of  loosening  the 
lattice*  which  makes  diffusion  possible*  Is  smaller  when  the  atoms  of 
the  dissolved  substance  and  the  solvent  are  of  different  species;  here 
there  Is  a  smaller  difference  between  the  degrees  to  which  the  lattice 
Is  disturbed  In  the  normal  and  transitional  states  of  the  solute  or* 
accordingly*  before  diffusion  and  In  the  diffusion  process. 

The  work  of  opening  the  lattice  Increases  and  the  diffusion  co¬ 
efficient  diminishes  with  Increasing  melting  point  of  the  solvent  - 
which*  as  we  know  (Chap.  1*  $2)*  Is  associated  with  the  compactness 
and  strength  of  the  lattice. 

Polarization  of  the  Ions*  which  was  referred  to  earlier*  exerts 
a  strong  Influence  on  the  diffusion  coefficient  In  Ionic  lattices. 

The  considerable  drop  In  the  energy  necessary  to  Impart  mobility  to 
an  ion  Is  accounted  for*  as  it  occurs  on  polarization*  by  the  Frenkel* 
Ionic -conductivity  theory  [86).  The  greater  the  polarization  of  a  ca- 
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tion,  the  greater^  naturally,  will  be  the  possibility  of  diffusion 
in  the  lattice* 

Zt  was  established  some  time  ago  by  Kheveshl  [753  that 

(34) 

where  the  coefficient  A,  which  is  frequently  written  Dq,  Is  a  so-called 
temperature -Independent  factor  (which  Is  not  absolutely  true)  or  the 
pre -exponential  factor.  Is  formally  equal  to  the  diffusion  coefficient 
at  infinite  temperature  (when  the  resistance  to  diffusion  is  zero)  and 
Q  is  the  heat  of  activation  of  diffusion  (or  the  energy  of  "opening" 
the  lattice),  so  named  by  analogy  with  the  heat  of  activation  of  a 
chemical  reaction. 

This  equation,  which  is  analogous  to  the  familiar  Arrhenius 
equation  for  the  rate  of  a  monomolecular  reaction,  is  valid  for  all 
conditions  and  mechanisms  of  diffusion  that  have  thus  far  been  inves¬ 
tigated. 

Identification  of  the  coefficient  A  >  Dq  with  the  diffusion  co¬ 
efficient  at  T  «  «,  as  proceeds  formally  from  Equation  (34),  does  not, 
however,  have  any  physical  significance  in  actuality  and  does  not  re¬ 
solve  A  from  its  dependence  on  the  factors  that  determine  it*  Many 
authors  link  the  parameter  A  with  the  frequency  of  the  atomic  vibra- 
tiois. 

According  to  Frenkel'  [44,  45,  86,  S7],  the  quantity  A  may  be 
determined  if  we  know  the  average  distance  6  between  neighboring 
equilibrium  positions  (which  may  be  assumed  equal  to  the  distance 
between  neighboring  atoms)  in  the  lattice  and  the  duration  Tq  of  the 
atom's  natural -vibration  period  (which  is  the  reciprocal  of  the  max- 
ImssB  frcqaciicy  ■  of  the  vibrations);  for  the  majority  of  substances, 
tte  -msaxMes  of  t  and  Tq  are  known. 

"Sg  analogy  with  the  Einstein  theory  of  Brownian  movement,  the 


diffusion  eosfflelsnt 


where  w  is  the  average,  veloelty  of  displacement  of  the  atoms. 
Assuming  tha^ 


(35) 


;r 


(36) 


(where  t  Is  the  average  duration  of  the  vibrations  of  an  atom  about  a 
given  equilibrium  position),  we  obtain 

n_J-iL  (37) 

®  «  « * 

and,  since  according  to  Frenkel*  [44]  t  (which  Is  admlttedl; 

not  altogether  accurate,  since  It  assxunes  that  the  vibrations  of  the 
atoms  are  statistically  independent  of  one  another),  then 

(38) 


**» 


or,  in  other  words. 


,  »* 


(39) 


Other  expressions  for  A  as  a  function  of  the  parameters  determining 
it  are  also  known,  e.g. ,  that  of  Polyanl  and  Wlgner  [98]: 


J— ?^Q. 
RT  ^ 


(40) 


instead  of  Equation  (38),  which  takes  into  account  the  dependence  of 
A  on  temperature  (more  properly  on  QA)«  and  the  Deshman  and  Langmuir 
[99]  equation,  which  differs  only  slightly  from  Formula  (40).: 

(«) 

where  N  Is  Avogadro's  number  and  h  is  Planck's  constant. 

Detailed  analysis  of  these  and  certain  other  expressions  defin¬ 


ing  the  value  of  A  and  comparison  of  these  expi^ssions  with  experi¬ 
mental  data  are  available  in  the  literature  [100  and  others].  Here  we 


not*  wily  that  Equation  (3^)>  In  which  the  value  of  the  coefficient 

O 

A  la  proportional  to  6  ,  but  depends  in  a  complex  manner  on  the  na* 
ture  and  magnitude  of  the  bonds  between  lattice  elements,  renfeins  in 
force  for  any  diffusion  mechanism. 

The  Frenkel*  theory,  which  appeare<Jt  as  wf  know,  toward  the  end 
of  the  development  of  experimental  research  on  the  self -diffusion 
process,  did  not  reveal  any  functional  relationship  between  the  quan¬ 
tity  Q  -  the  heat  of  "opening**  of  the  crystal  lattice  or  the  weakening 
of  the  bonds  between  its  elements  -  and  any  parameters  of  the  solid. 
Only  recently,  in  the  studies  of  Dekhtyar,  Krlvoglaz  and  Smirnov  and 
certain  other  authors  were  any  well -based  attempts  made  to  find  a 
link  between  the  quantity  A  and  the  nature  and  magnitude  of  the  inter¬ 
atomic  bonds  in  metals  and  alloys. 

Normally,  Q  is  determined' experimentally  from  the  slope  Of  a  ^ 
straight  line  constructed  in  the  coordinates  In  D  and  l/T  (see  Cha^. 
7). 

According  to  Equation  (3^),  the  dependence  of  In  D  on  tempera¬ 
ture  is  linear,  as  has  been  observed  by  many  investigators  [see  88, 

89,  101].  In  actuality,  the  activation  energy  of  diffusion  does  not 
remain  constant  with  varying  temperature  in  many  cases,  and  the  de¬ 
pendence  of  D  on  temperature  Is  more  complex  than  would  follow  from 
Equation  (3^)*  Strictly  speaking,  diffusion  systems  may  be  classified 
Into  three  groups  in  accordance  with  the  various  types  of  Influence 
that  temperature  exerts  on  the  diffusion  coefficient: 

a)  those  subject  to  a  simple  exponential  law  as  given  by  Equa¬ 
tion  (3^)> 

b)  those  described  by  equations  linking  D  with  T  and  incorpora¬ 
ting  two  temperature -independent  exponential  terms,  and 

c)  those  not  subject  to  any  type  of  simple  law  linking  the  dlf- 
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fusion  coefficient  with  temperature  (l.e.,  those  characterized  by 
highly  coeiiplex  dependences  of  D  on  T). 

In  the  general  ease*  Equation  (34)  may  characterize  the  rela¬ 
tionship  hetween  0  and  T  only  In  first  approximation*  and  then  ools  • 

In  a  relatively  narrow  temperature  Interval  [78*  102*  103*  and  Others]. 

In  examining  this  problem  as  It  applies  to  metals*  Dekhtyar  [104] 
showed  that  even  In  the  simplest  possible  ease  (with  the  diffusion 
mechanism  unchanging)*  thermal  expansion  of  the  solid  at  elevated 
temperatxxre  must  result  In  a  drop  In  the  heat  of  diffusion.  According 
to  Dekhtyar*  —  KT)*  where  and  are  the  heats  of  diffu¬ 

sion  at  absolute  zero  and  at  T°*  respectively*  and  K  depends  on  the 
thermal -expansion  coefficient*  the  compressibility  coefficient*  and 
the  atomic  volume  of  the  solid. 

The  diffusion  process  in  alloys  cannot  be  characterized  by  any 
single  value  of  the  autlvation  energy:  In  this  case*  different  diffus¬ 
ing  atoms  of  the  same  species  but  having  unlike  environments  of  nearby 
atoms*  overcome  potential  barriers  of  different  heights*  the  formation 
energies  of  holes  are  different  at  different  lattice  points*  and  so 
forth. 

Krlvoglaz  and  Smirnov  [I03*  105*  106]  showed  in  their  develop¬ 
ment  of  a  theory  for  the  diffusion  of  atoms  In  alloys  that  for  both 
disordered  and  particularly  for  ordered  solid  solutions*  In  D  does  not 
depend  linearly  on  l/T.  Transition  of  the  solution  from  the  disordered 
to  the  ordered  state  should  be  reflected  on  the  temperature  curve  of 
the  diffusion  coefficient.  If  ordering  represents  a  phase  transition 
of  the  second  kind*  the  diffusion  coefficient  varies  continuously* 
while  the  curve  showing  the  dependence  (Xi  l/T  has  a  break  at  the 
transition  temperature.  If*  on  the  other  hand*  the  transition  Into 
the  ordered  state  Is  a  phase  transition  of  the  first  kind*  a  stepwise 
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change  oooure  at  the  transition  temperature  not  only  In  the  energy 
of  activation,  but  also  in  the  diffusion  coefficient  itself.  In  the 
ordered  state  near  the  transition  temperature,  the  deviations  of  the 
above  relationship  from  the  linear  should  be  particularly  marked. 

In  spite  of  all  this.  In  D  is  most  frequently  found  to  be  a 
linear  function  of  lA  in  experiments.  This  is  accounted  for  by  the 
fact  that  in  a  small  temperature  range  (of  the  oz>der  of  300^),  out¬ 
side  of  which  determinations  of  the  diffusion  coefficient  normally 
do  not  take  place,  the  curve  of  this  relationship  can  be  approximated 
by  a  straight  line  with  a  certain  degree  of  accuracy.  For  exa8V>le, 
the  change  in  the  heat  of  diffusion  In  metals  is,  according  to  Dekh- 
tyar  [104],  1000  cal/g-atom  In  this  temperature  Interval;  this  is 
within  the  limits  of  error  of  ordinary  diffusion -heat  determinations. 

Naturally,  measurements  taken  over  a  wider  temperature  range  or 
under  conditions  that  make  it  possible  to  employ  particularly  accurate 
methods  for  determining  the  diffusion  coefficient  (e.g. ,  methods  bas¬ 
ed  on  observation  of  vibration  damping  in  a  specimen  of  alloy 
[107])  show  a  nonlinear  relationship  for  the  logarithm  of  the  diffu¬ 
sion  coefficient  as  a  function  of  temperature. 

Very  frequently,  the  diffusion-  coefficient  value  is  a  function 
of  the  concentration  of  the  diffusing  (dissolved)  agent  In  the  diffu¬ 
sion  medium  (solvent)*.  This  dependence  becomes  particularly  marked 
at  high  solid-solution  concentrations  approaching  the  solubility  li¬ 
mit  of  the  diffusing  agent. 

Since  D  may  vary  quite  considerably  as  a  function  of  concentra¬ 
tion,  in  some  cases  through  a  factor  of  one  thousand  [108]>  the  use  of 
Equation  (34)  in  the  case  of  dependence  of  D  on  C  can  give  only  "aver¬ 
age"  values  of  the  diffusion  coefficient  and  may  lead  to  quite  consi¬ 
derable  errors  In  determining  the  coefficient  A  *  and  the  heat  of 
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In  this  case,  the  kinetics  of  diffusion  ere  expressed  by  Equa¬ 
tion  (23)  for  which  solutions  now  exist  for  many  types  of  systems. 

;  . According  to  Boltzmann  [109]«  sol¬ 

ution  of  Equation  (23)  for  mutual  diffu¬ 
sion  In  plates  of  two  materials  that  are 
In  contact  with  one  another  may  be  g^ven 
by  the  following  equation  If  we  assume 
that  C  •  f(^T)* 

(42) 

D  may  be  determined  as  a  function 
of  concentration  from  Equation  (42)  by 
graphic  integration. 


Fig.  21.  Diffusion  coeffi¬ 
cient  of  copper  as  a  func¬ 
tion  of  Its  concentration 
In  the  Cu-m  system.  1) 

loS.D  (cm^/dayl;  2)  con¬ 
centration,  atoBi-^  of  Cu. 


3  xdx. 


Taking  advantage  of  this,  Matano  [108]  found  the  diffusion  coef-' 
flclent  as  a  function  of  concentration  for  a  number  of  metallic  systems. 
The  experimental  data  of  Matano  (21,  22),  Kurdyumov  et  al.  [110]  suid 
other  authors  Indicate  that  D  Is  a  complex  function  of  the  dlffuslng- 
agent  concentration  In  the  diffusion  layer.  This  function  assumes  dif¬ 
ferent  characters  In  different  cases.  Frequently,  the  variation  of  D 
as  a  function  of  concentration  Is  different  in  different  aresis  on  a 
given  concentration  diagram  [88].  Sometimes  an  extremely  insignificant 
change  In  concentration  exerts  a  strong  Influence  on  the  diffusion  co¬ 
efficient.  In  the  report  by  Kurdyumov  et  al.  [110],  for  example.  It 
was  established  that  the  addition  of  a  small  quantity  (less  than  4.3 
atom>^)  of  carbon  to  y-lron  considerably  reduces  the  activation  evergy 
of  self -diffusion  for  Iron  and  reduces  the  preexponential  multiplier 
of  SqpaatloD  (34)  by  several  orders  of  magnitude. 

Oertslcrlken  and  Dekhtyar  [111]  and  other  investigators  have  ob- 

1 
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served  that  snail  quantities  of  additives  to  the  solvent  exert  con¬ 
siderable  influence  on  the  coefficient  of  diffusion.  In  many  eases, 
contenporary  theory  of  solids  [87,  112]  enables  us  to  account  for  and 
even  predict  the  nature  and  intensity  of  this  influence  on  the  basis 
of  conparison  of  the  lattice -element  interaction  energies  (those  of 
atoms,  ions  and  molecules)  in  the  system  and  analysis  of  the  processes 

Diffusion  (migration)  of  matter  in 
the  superficial  layer  of -a  solid  is  of 
considerable  interest,  and  has  recently 
attracted  the  interest  of  many  authors 

[97,  113-117  and  others]. 

The  phenomenon  of  surface  migration 
was  demonstrated  by  the  studies  of  Pol'- 
mer  et  al.  [II3-II3]  on  the  basis  of 
studies  of  the  growth  and  solution  of 
single  crystals.  Subsequently,  this  ef¬ 
fect  was  established  and  studied  for  a 
number  of  systems  by  observing  the  con¬ 
densation  and  aggregation  processes  of 
continuous  films  on  the  surfaces  of  crystalline  solids.  Finally,  photo¬ 
electric  and  thermionic  methods  based  on  observation  of  the  variation 

/  /  .J 

Fig.  23.  Chemical  reaction  between  two 
ideally  ground  tablets,  accompanied  by 
diffusion  in  the  product  layer.  1)  At 
initial  point  in  time;  2)  during  react¬ 
ion;  3)  at  completion  of  reactimi. 

of  thermionic  and  photoelectric  currents,  which  are  affected  >djen  the 


that  take  place  in  it. 


Fig.  22.  Diffusion 
efficients  of  substances 
as  functions  of  concen¬ 
tration  in  the  systems 
1)  Au-Nl;  2)  Au-Pd;  3)  Au- 

Pt.  a)  10^ [cm^  sec""^]; 
B)concentration,  atom-^ 
of  Au. 
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surfaces  of  crystals  are  coated  by  a  film  of  migrating  atoms,  have 
been  applied  successfully  for  study  of  this  phenomenon  [88,  116,  117]. 
This  tos  made  It  possible  to  obtain  new  data  concerning  superficial 

-dlfftision.  v  ,-.  .  ^7-, 

Nevertheless,  Information  available  on  It  Is  still  rather  limited. 
It  Is  Icnown,  however,  that  If  surface  diffusion  occurs.  It  usually 
occurs  much  more  readily  than  bulk  diffusion  or  graln>boundary  diffu¬ 
sion  along  the  "Internal  surfaces"  of  the  solid.  Comparison  of  the 
activation  energies  for  these  three  forms  of  diffusion  In  such  eases 
leads  us  to  the  conclusion  that 

^surf  ^  ^gr.  bdry  ^  ^latt(bulk)* 

Accordingly,  all  other  conditions  (temperature,  etc.)  the  same, 

^surf  ^  ^gr.  bdry  ^  ®latt(bulk)* 

It  has  also  been  established  that  In  much  the  same  way  as  the 
bulk-diffusion  coefficient  of  the  lattice,  the  surface -diffusion  co¬ 
efficient  depends  on  temperature  and  surface  concentx>atlon. 

The  elevated  mobility  of  the  surface  particles  of  a  crystalline 
solid  Is  readily  understood  on  the  basis  of  its  structure.  As  we  know, 
the  surface  layers  of  real  crystals  are  characterized  by  Inconstancy 
of  the  coordination  number  of  the  lattice  structural  elements  (atoms. 
Ions,  molecules),  the  distances  between  Its  points,  and  the  bonding 
angles  between  Its  stznictural  elements.  As  a  result,  particles  of  the 
solid  that  are  at  Its  surface  are  the  least  stable.  This  renders 
readily  xinderstandable  the  possibility  not  only  of  relatively  Inten¬ 
sive  surface  diffusion,  but  also  of  particle  displacements  from  one 
crystalline  solid  Into  another  at  the  points  of  contact  between  them. 

In  a  chemical  reaction  between  crystalline  substances,  dlf^slon 
of  onesof  the  reagents  toward  particles  of  the  other  through  the  layer 


of  product  that  forms  and  groMS  during  the  reaction  is  of  great  Im* 
portanee. 

Xn  this  case,  the  rate  of  the  proceaa  may  depend  on  the  rates  of 
both  the  diffusive  and  chemical  Interactions. 

If  we  speak  here  of  the  Interaction  between  two  Ideally  mated 
plates  (tablets)  of  the  reagents  A  and  the  pattern  of  the  process 
for  the  simplest  ease  may  be  represented  by  Pig.  23.  In  a  real  powder¬ 
ed  mixture «  the  Interaction  process  la  cmslderably  more  complicated. 
Quite  naturally j  it  takes  place  at  the  surfaces  of  the  reagent  grains 
only  at  the  very  beginning  of  the  interaction  (assuming  a  reaction 
time  close  to  zero).  Completion  (continuation)  of  the  chemical  reac¬ 
tion  then  requires  mass  transfer:  particles  of  one  of  the  reagents 
must  displace  toward  the  zone  of  their  Interaction  with  the  other  re¬ 
agent  through  the  medium  separating  thern^  traversing  successive  zones 
of  external  (between  grains)  and  Internal  (in  grains)  diffusion.  He3re> 
the  Internal  diffusion  usually  takes  place  in  equal  volumes  In  either 
direction^  and  the  product -formation  rate  corx*espondlng  to  It  Is 
practically  uniform  over  the  entire  grain  surface  of  the  reagent  that 
It  covers  [ll8,  119]< 

Two  elementary  and  fundamental  variants  of  such  equal -access, 
synmetrlcal  diffusion  and  mass  transfer  that  are  not  mutually  exclu¬ 
sive  are  possible  [120]. 

In  the  first  of  these  (Fig.  24a),  particles  of  the  migrating  re- 
igent  move  to  the  surface  of  a  layer  of  crystalline  product  covering 
the  grains  of  the  other  reagent  through  zones  of  direct  contact  be¬ 
tween  the  grains.  Then  the  particles  move  across  the  surface,  envel¬ 
oping  It  completely,  after  which  they  diffuse  with  "equal  access"  to¬ 
ward  the  unreacted  part  of  the  "coated*  reagent  through  the  layer  of 
crystalline  reaction  product. 
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In  the  second  variant  (Fig.  24b) « 
particles  of  the  migrating  substance  are 
in  some  way  dislodged  from  the.  positions 
that  they  occupied  In  Its  grains,  travel 
the  distance  separating  them  from  the 
grains  of  the  second  reagent  (external 
diffusion),  and  then,  as  in  the  first  ' 
variant,  traverse  a  layer  of  crystalline 
reaction  product  (Internal  diffusion). 

In  either  case,  the  kinetics  of  the 
process  are  further  complicated  If  the 
rates  of  diffusion  and  chemical  reaction 
have  commensurate  values,  and  particularly 
If  diffusion  Is  accompanied  by  a  concurrent  reaction  In  the  diffusion 
layer. 

All  of  this  has  Its  effects  on  the  kinetics  of  dlffuslon>chemleal 
processes  In  ci^ystalllne  mixtures,  which.  In  certain  cases,  becomes 
very  complex. 

§2.  RECRYSTALLIZATION 

Sintering  Is  one  of  the  most  Important  of  the  phenomena  that  un¬ 
fold  when  mixtures  of  crystalline  solids  are  heated.  It  may  affect 
both  the  rate  of  the  reactions  between  the  solid  substances  and  the 
properties  of  the  products  obtained  from  them.  This  Is  why  consider¬ 
able  attention  Is  devoted  to  the  sintering  process  In  papers  on  the 
chemistry  of  solids. 

In  the  literature,  we  encounter  the  widest  variety  of  Inferences 
concerning  the  external  manifestations  of  this  process,  concerning  Its 
essential  nature.  Its  qualitative  laws  and  the  Influence  that  It  exerts 
on  other  processes  that  take  place  when  crystalline  mixtures  are  heated. 
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Fig.  24.  Diagram  showing 
migration  of  particle  A 
toward  B  during  their  chem¬ 
ical  Interaction  In  a  pow¬ 
dered  mixture  of  A  -f  B.  a) 
Through  zones  of  direct 
contact;  b)  by  external 
diffusion. 


There  are  at  least  ten  theories  of  the  sintering  process  (due  to 
Frenkel Bal'shln,  Ivensen^  Pines,  Fedorchenko,  Jones,  Sauerwald, 
Klngery*  Kushehlnskly,  Tschebyatovskly,  et  al.)*  None  of  these  has  as 
yet  been  definitely  proven  valid.  This  Is  a  consequence  of  the  com¬ 
plexity  Of  the  process  under  consideration  and  the  Inadequacy  of  the  . 
study  that  has  been  devoted  to  It. 

Papers  that  have  been  published  on  the  subject  of  sintering 
during  the  last  several  years  by  Soviet  and  foreign  Investigators 
nevertheless  enable  us  to  formulate  with  a  certain  amount  of  succinct¬ 
ness  certain  basic  propositions  that  relate  to  It  and  are  of  Importance 
to  the  chemistry  of  solids.  These  points  can  be  accounted  for  on  the 
basis  of  general  premises  and  with  the  aid  of  the  generalized  methods 
of  thensodynamlcs,  and  the  causes  of  certain  contradictions  In  various 
works  on  the  theory  of  sintering  become  clearer  In  the- process. 

The  decrease  in  the  solid’s  external  dimensions • (l.e. ,  "shrink¬ 
age")  on  heating  and  the  corresponding  decrease  In  Its  porosity  and 
Increase  In  Its  apparent  density  may  serve  as  the  external  criterion 
for  the  sintering  process  In  a  porous  and  particularly  In  a  disperse 
crystalline  solid. 

Sintering  of  a  powder  usually  begins  with  "welding  together"  of 
the  grains  at  the  points  of  contact. 

The  essence  of  the  sintering  phenomenon  consists  In  spontaneous 
filling  of  the  free  space  within  and  between  the  grains  with  matter 
(as  a  result  of  the  elevated  mobility  of  the  lattice  elements  at  suf¬ 
ficiently  high  temperatures). 

This  Is  naturally  accompanied  by  a  change  In  the  total  and  con¬ 
tact  areas  of  the  grains;  the  former  diminishes  and  the  latter  Increases. 

Hie  Blnterlng  process  Is  also  attended  by  recrystalllzatlon  of 
“tfee  grmlna,  a  decrease  In  the  number  of  lattice  defects  (relaxation). 
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and  relief  .of  existing  strei;;>eB  In  the  contact  zones  of  the  material. 

All  of  this  affects  not  only  the  mechanical  and  thermal  proper* 
ties  of  powdered  solids «  but  also  the  sectional  areas  of  the  diffusion 
flowsj  the  values  of  the  diffusion  coefficients  and  diffusion  rates, 
the  "Internal"  and  surface  activities  of  the  grains,  and  the  rates 
of  reactions  in  the  powdered  mixtures. 

Industrial  and  research  practice  draw  a  distinction  between 
sintering  proper,  or  slnte'  -.g  in  the  solid  phase,  which  takes  place 
In  the  absence  of  liquid,  and  so-called  liquid  sintering. 

The  natures  of  these  processes  amd  the  qualitative  laws  govern¬ 
ing  them  are  different. 

It  is  also  necessary  to  distinguish  sintering  of  pressformed 
powders,  which  possess  a  relatively  large  Initial  contact  surface 
and  low  porosity,  and  sintering  of  vmpressed,  loose-poured  powders, 
where  the  average  intergraln  distance  has  the  same  order  as  the  grain 
diameter  (see  Ch.  4  §4)  and  porosity  sometimes  exceeds  90jL 

Pressformed  powders  are  used  chiefly  in  powder  metallurgy,  while 
unpressformed  powders  are  used  chiefly  in  the  chemical  industry.  In 
adhesives  technology,  and  In  pyrometallurgy. 

If. we  consider  the  sintering  pinocess  from  the  general  premises 
of  thermodynamics,  reduction  of  the  system's  thermodynamic  potential 
should  be  regarded  as  Its  motive  force.  Since  the  resultant  of  the 
forces  acting  on  any  superficial  particle  Is  directed  toward  the  In¬ 
terior  of  the  body  (grain),  there  will  always  be  a  tendency  toward 
reduction  of  surface  area.  The  decrease  In  the  total  grain  surface 
area  during  the  sintering  process  results  In  a  decrease  In  the  surface 
energy  of  the  system,  and,  consequently.  In  Its  total  energy  (energy 
Is  expended  In  overcoming  Internal -friction  forces  during  the  dUfUslon 
process). 
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It  follows  from  the  above  that  the  not.'ve  force  of  the  sinter¬ 
ing  process  In  a  disperse  solid  will  be  larger  the  larger  Its  surface 
energy.  Among  other  things «  this  can  be  cited  to  account  for  the 
antlbatlelty  of  sintering  to  grain  size  in  the  heated  material  that 
Is  observed  In  practice  [121]:  fine-grained  powders  sinter  faster 
than  coarse-grained  powders. 

Since  the  Internal  pores  of  the  crystal  form  Its  "Internal  sur¬ 
face,"  their  overgrowing  process  also  results  in  a  drop  In  the  sys¬ 
tem's  thermodynamic  potential. 

Since  the  specific  surface  area  of  a  pore  Is  inversely  propoi*tlonal 
to  Its  radius,  the  motive  force  of  the  overgrowing  process  of  small 
pores  will  be  stronger  than  that  for  large  pores  when  pores  of  differ¬ 
ent  sizes  are  present  in  the  solid.  Accordingly,  small  pores  overgrow 
more  rapidly  provided  that  the  difference  In  the  resistance  to  the 
pore -reduction  process  for  pores  of  various  sizes  (due,  for  example, 
to  the  varying  Increases  In  gas  pressure  inside  them)  does  not  affect 
the  pattern.  Here,  it  is  possible  for  the  volume  and  number  of  small 
pores  to  diminish  at  the  expense  of  an  increase  in  the  volume  of  the 
large  pores  (an  effect  frequently  observed  in  practice  [122]),  since 
this  also  results  In  a  drop  in  thermodynamic  potential. 

The  groundwork  for  the  development  of  a  quantitative  theory  of 
the  solid-phase  sintering  process  was  laid  some  time  ago  in  the  stu¬ 
dies  of  ifrenkel '  [97]-  According  to  Frenkel',  sintering  of  crystal¬ 
line  solids  occurs  as  a  result  of  their  "viscous  friction,"  which  Is 
analogous  to  that  observed  in  liquids;  the  mechanism  of  this  flow  Is 
diffusive  and  can  be  reduced  to  directional  displacement  of  "holes. " 

From  the  standpoint  of  Frenkel',  the  sintering  process  can  be 
broken  down  Into  two  stages  In  time; 

1)  coalescence  of  particles,  which  results  In  the  disappearance 


of  open  pores  (cavities)  and  the  formation  of  noncommunlcatlng  closed 
pores  of  one  shape  or  another  (spherical  In  the  simplest  approximation) 
and 

2)  a  reduction  in  the  volume  of  closed  pores  under  the  Influence 
of  surface-tension  forces. 

The  first  stage  of  the  process  unfolds  at  a  constant  rate,  being 
dependent  only  on  the  surface  tension  a  and  viscosity  p,  of  the  medium 
surroxindlng  the  pore: 


ds  3  t 
**  4  ^  • 


(43) 


where  a  Is  the  pore  radius  and  t  Is  time.  The  area  of  the  contact  sur¬ 
face  between  the  particles  is  proportional  in  this  stage  to  the  time 
of  the  process. 

The  time  for  total  closing  of  the  pores  is  detezmlned  from  the 
equation 

(w) 


where  Oq  Is  the  initial  radius  of  the  pore  at  t  =  0.  The  time  for 
"full  coalescence"  of  two  sperlcal  particles  Is  of  the  same  order  of 
magnitude  as  the  time  for  closing  pores  of  the  same  radius. 

In  the  second  stage,  the  rate  of  the  process  diminishes  continu¬ 
ously  as  a  result  of  the  inhibiting  effect  of  the  gas  enclosed  In 
the  pores. 

VThen  the  gas  pressure  In  the  pores,  which  Is  Increasing  continu¬ 
ously  In  accordance  with  the  equation  P  «  PQ(aQ/a)^  as  a  insult  of 
the  decrease  in  their  volume,  is  equal  to  the  capillary  pressure,  i.e., 
at  P  »  PQ(aQ/a)^  -  2o/a,  where  Pq  and  P  are  the  gas  pressures  In  the 
pore  at  the  start  of  the  process  at  t  O  and  at  the  point  in  time  in 
question,  the  process  ceasem. 

Here,  the  limiting  (msxlsaim)  pore  radius  Is 


According  to  Frenkel',  the  second  stage  of  the  process  may,  in 
actuality,  occupy  a  very  short  time  and  result  In  almost  complete 
disappearance  of  the  pores. 

The  Frenkel*  theory,  which  has  played  an  extremely  Important 
role  In  the  develo{»nent  of  sintering  theoiry,  nevertheless  dlsregaz*ds 
the  following  clrctunstances  observed  In  the  unfolding  of  this  process 
In  real  powdered  solids: 

a)  the  considerable  variety  In  their  granulometric  composition; 

b)  the  presence  within  them  of  pores  having  various  sizes  and 
shapes  and  the  possibility  of  varying  behavior  from  different  pores 
of  the  same  solid; 

c)  the  differences  in  the  viscous  flows  of  the  cirystalllne  and 
liquid  bodies. 

As  was  shown  by  studies  [83,  121-124  and  others],  the  Influence 
of  these  factors  on  the  sintering  process  is  quite  considerable.  Among 
other  things,  sintering  takes  different  courses  in  powdered  solids  of 
different  granulometric  compostlons;  the  mechanism  and  kinetics  of 
"viscous  flow"  are  not  the  same  in  solids  and  liquids,  and  so  forth. 

On  the  basis  of  the  studies  by  Pines  and  other  investigators.  It 
may  be  assumed  at  the  present  time  that  the  sintering  process  In  a  • 
z^al  powdered  solid  is  effected  chiefly  as  a  result  of  volume  diffusion 
and  partly  as  a  result  of  surface  diffusion."  The  mechanism  of  "cold" 
sintering,  which  takes  place  In  the  absence  of  a  liquid  phase,  thus 
reduces  to  redistribution  of  material  in  the  solid  by  directional 
self -diffusion. 

An  Interesting  question  Is  that  as  to  directional  displacement 
of  atoms  In  the  sintering  of  granules,  which  results  In  merging  of 
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their  pores*  fusion  of  grains,  etc.  Since  the  motive  force  of  the 
diffusion  process  is  the  concentration  difference  (or*  in  a  broader 
sense*  the  chemical HPOtential  difference),  it  is  natural  to  assume 
that  directional  displacement  and,  consequently*  sintering  take  place 
with  different  concentrations  of  the  atoms  or  vacancies*  as  the  case 
may  be*  at  different  points  In  the  volume  of  the  solid. 

Actually*  as  noted  by  Pines  [83],  the  ’’equilibrium  vacancy  con¬ 
centration”  cannot  be  uniform  at  different  points  in  the  volume  of  a 
porous  solid  or  in  a  solid  having  Internal  surfaces*  or  in  a  continu¬ 
ous  uniform  body  of  irregular  shpae  whose  surface  does  not  correspond 
to  the  free -energy  minimum. 

If*  for  exBiqtle*  there  is  at  the  center  of  a  body  of  radius  R  a 
pore  of  radius  a  R*  in  much  the  same  way  as  occurs  with  the  equili¬ 
brium  vapor  pressures  above  surfaces  of  different  radii,  the  equili¬ 
brium  vacancy  concentration  near  the  pore  will  be  higher  than  the 

cl 

equilibrium  vacancy  given  by  Equation  (16)  at  the  surface  of  a 
sufficiently  large  ci^stal,  and  by  an  amount 
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or 

(47) 

Thus,  a  vacancy -concent  ration  gradient  in  the  solid  is  Inevitable* 
and  has  as  its  consequence  that  a  diffusion  flow  from  the  internal  pores 
toward  the  outer  surfAioe  of  the  body  is  established;  vacancies  are  elim¬ 
inated  from  the  solid  through  its  external  surface.  From  this  stand¬ 
point*  sintering  represents  elimination  of  pores  from  the  solid  by 
self-difftwion. 

rimfiiifliiig  ftrom  these  considerations.  Pines  [83]  Indicated  that 

'  ^ 

laS  .tStsscDBB  of  the  pore  radius  during  the  sintering  process 


may  be  expressed  by  the  equatlcm 


dt 


2t  y 

«•  *r 


(48) 


where  6  is  a  constant  of  the  solid's  crystal  lattice.  « v  . ' 

According  to  this  equation,  the  value  of  the  rate  Is  ssialler.  by 
(6/a)^  than  the  rate  according  to  Formula  (43)  as  proposed  by  Frenkel', 
who  took  the  position  that  the  relationship  between  the  viscosity  and 
self -diffusion  coefficients  conforms  to  the  equality 
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The  total  sintering  time  obtained  from  Equation  *(48)  Is 
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In  the  case  of  pores  with  a  radius  a  ^  10  —10  cm,  the  value  of  the 

6  8 

total  sintering  time  according  to  this  equation  Is  10  to  10  times 
longer  than  according  to  Equation  (44). 

Pines  [183,  126]  showed  that  experimental  data  on  the  duration  of 
the  sintering  process  for  powders  agreed  considerably  better  with 
Equation  (48)  than  with  Equation  (43),  and  that  both  sintering  theories 
(the  diffusion  theory  of  Pines  and  the  viscous -flow  theory  after  Fren¬ 
kel')  lead  to  equivalent  results  If,  Instead  of  extending  Relationship 
(49),  which  Is  peculiar  to  liquids,  to  crystalline  solids  we  regard 

o  o 

the  following  expression  as  holding  for  the  latter;  1/p,  «  Dg'^/kTa  . 

In  connection  with  the  occasionally  encountered  attempts  to  ac- 
covint  for  Instantaneous  or,  more  generally,  very  rapid  reactions  In 
crystalline  mixtures  by  Intensive  sintering  of  these  mixtures  "after 
Frenkel',"  It  should  be  noted  that  the  sintering  time  or  coefficient 
of  diffusion  as  obtained  from  Equations  (44)  and  (49)  are  on  the  low 
side  of  the  actual  values  by  six  or  seven  orders.  Actually,  the  time 
required  for  full  sintering,  for  example,  of  a  pressformed  mebalUe- 
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copper  powder  with  a  pore  radius  a  •  lOT^  cm  and  t  >■  900  to  1000  de- 
greea  la  several  hours  [83]> 


Naturally,  If  the  pore  radius  varies  linearly  In  tine  in  accord* 
anoe  with  the  Frenkel*  equation  (43)  (and  the  change  in  Its  voluas 
Is  proportional  to  the  cube  root  of  the  duration  of  the  process),  the 


variation  of  pore  volume  over  tine 
eqvAtlon  (48) . 


Fig.  25.  Diagram  of  sintering 
of  spherical  particle  to  flat 
body. 


is  linear  according  to  the  Pines 


Fig.  26.  Diagram  of  sintering 
of  two  spherical  particles. 


TABLE  12 

Q 

Change  in  Number  of  Pores  (in  0.0293- cm  section) 
During  Sintering  of  Copper  Powder  In  Hydrogen 
Medium 


4 

TtaMfMJV* 

3  n,oiManu»MCT»  tmnmm  •  w. 
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m 
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1«M 
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BSO 
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1000 

1415 

1004 

300 

00 

uio-« 

900 

10 

37 

00 

05 

'  1000 

05 

73 

98 

113 

2 

1)  Pore  size  In  cm  ;  2)  temperature  in  degrees; 
3)  sintering  time  In  hours. 


In  fact,  on  manipulating  Eq.  (48), 


we  obtain 


from  which  the  pore  volume  Is 


(51) 


* .  * 

i'  ■  .  ■  , 

If  sintering  of  a  spherical  particle  of  initial  radius  a  with  a 
flat  body  (Fig,  25)  or  with  an  identical  particle  (Pig.  26)  takes 
place,  then,  aa  waa  shown  by  Pines  [83],  the  radius  of  the  "contact 
I  circle"  of  the  particle  with  the  plane  after  a  time  t  has  elapsed 
I  from  the  start  of  the  process  will  be 

(52) 

and  the  radius  of  the  "contact  circle"  of  one  particle  with  the  other 
will  be 

8a-~at«/rV^at. 

In  accordance  with  the  above,  the  relative  change  In  the  volume 
of  a  body  containing  N  pores  in  1  cm^  is 

(W) 

V.  tr 

under  practical  conditions,  the  sintering  process  of  the  body 
may  be  severely  complicated  by  the  presence  and  nonuniform  overgrowing 
of  pores  of  different  diameters. 

The  fact  is  that  in  accordance  with  what  we  said  earlier  (page 
94),  the  vacancy  concentration  must  be  higher  in  the  vicinity  of  the 
fine  pores  than  near  large  pores.  For  relatively  short  distances  be¬ 
tween  pores,  this  difference  in  vacancy  concentration  sets  up  a  flow, 
of  vacancies  from  small  pores  toward  larger  ones  or,  in  other  words, 
a  flow  of  atoms  in  the  reverse  direction.  The  result  must  be  an  in¬ 
crease  In  the  volume  of  the  large  pores  at  the  expense  of  overgrowth 
of  the  small  ones.  Here,  the  average  pore  diameter  naturally  increases. 
Experimental  data  are  In  good  agreement  with  this  proposition.  Thus, 
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Rayns,  Birchenoll,  and  Yuz  [sic]  [127]  established  that  in  sintering 
of  copper  powder  In  a  hydrogen  medium,  the  number  of  fine  pores  with 
diameters  of  9*10  cm  was  reduced  and  the  number  of  larger  porea 
increased  (Table  12) . 

Naturally,  overgrowing  of  pores  may  result  In  a  reduction  of 
their  number  per  unit  voliune  of  material  and  a  corresponding  retarda¬ 
tion  of  the  sintering  process  as  a  whole. 

The  phenomenon  described  above  Is  complicated  considerably  when  . 
a  gas  Is  present  In  the  closed  pores.  In  this  case,  the  sintering 
rate  at  any  given  mcanent  of  time  Is  determined  by  the  difference  be¬ 
tween  the  "negative"  capillary  pressure  >  o/a  drawing  the  pores 
together  and  the  excess  gas  pressure: 


which  acts  In  the  opposite  direction;  here,  P^  and  P^^  are  the  re¬ 
spective  gas  pressures  In  the  pores  at  the  pressformlng  temperature 
Tq  and  the  sintering  temperature  T^,  which  is  higher  than  Tq;  the 
pressure  Pq  In  the  pores  Is  equal  to  the  pressure  outside  the  pores 
during  pressforming  and  sintering. 

Obviously,  three  cases  are  possible  In  principle: 

Pjc  >  PiS  Pfc  <  Pi  and  Pjj  -  Pi 

In  accordance  with  which  the  process  may  go  in  the  direction  of  re¬ 
duced  or  increased  pore  volume  or  stop  altogether. 

It  follows  from  the  equation  given  earlier  that  the  expanding 
effect  of  the  gas  In  a  closed  pore  will  be  more  important  the  greater 
the  Initial  radius  of  the  pore.  In  the  process  of  heating  a  porous 
solid,  pores  of  relatively  large  initial  diameter  may  even  grow  as 
a  result  of  gas  pressure  (If,  of  course,  the  gas  does  not  diffuse 
from  the  pores  Into  zones  of  lower  pressure  or  if  Its  diffusion  has 
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no  8i;A>8tantlal  offect  on  the  over.all  picture). 

It  wae  atated  above  that  a  vacancy-concentration  difference  re- 
aulta  in  an  increaaed  rate  of  overgrowth  of  fine  porea  aa  ccaiqpared 
with  the  large  porea,  and  that  the  small  pores  nay  become  smaller 
at  the  expense  of  an  Increase  in  large- pore  volume.  This  phenomenon 
acta  in  the  direction  of  mon  intensive  gaa-preaaure  increase  in  the 
fine  porea  aa  compared  with  the  large  ones.  The  retarding  effect  of 
this  factor  on  the  process  of  pore- volume  reduction  will  obviously 
be  more  strongly  manifested  for  fine  porea. 

Thus,  when  closed  pores  of  various  diameters  are  present  in  the 
solid,  their  overgrowth  will  be  nonuniform  and  will  depend  on  many 
factors,  some  of  them  acting  in  opposite  directions  and  having  non- 
uniform  effects  on  various  pores  and  In  various  stages  of  the  sinter¬ 
ing  process . 

The  process  in  which  the  volume  of  pores  that  communicate  with 
one  another  and  with  the  surface  of  the  solid  (which  is  the  case  up 
to  a  certain  point  in  time  In  sintering  of  loose- poured  powders)  is 
z^uced  obviously  takes  place  without  the  above  complicating  phenomena. 
In  this  case,  given  a  constant  value  of  the  diffusion  coefficient, 
the  rate  of  the  body's  volume  change  is  constant  in  time,  and  its 
order  of  magnitude  and  the  duration  of  the  sintering  process  may  be 
determined  accordingly  from  Eqs.  (48)  and  (53) • 

Experimental  data  on  the  kinetics  of  sintering  at  constant  tem¬ 
perature  (Fig.  27)  indicate  that  in  actuality,  the  shrinkage  of  the 
solid  during  this  process  Is  proportional  to  the  square  root  of  time. 
As  was  shown  by  Pines  [83],  this  is  the  result  of  a  change  In  the 
self-diffusion  coefficient  In  consequence  of  the  above  "relaxation" 
(dlstovtlan-mief)  process,  which  takes  place  simultaneously  with 
slstcxdsv. 


-  100  - 


As  we  know,  like  many  other  properties  of  erystelllne  solids, 
the  self'dlf fusion  coefficient  depends  on  the  degree  to  which  their 
crystal  lattices  are  distorted  (Chapter  1,  §3) .  It  is  therefor* 
natural  that  any  change,  and  in  particular  any  reduction  or  relief 
of  such  distortions  in  the  process  of  heating  the  body  will  affect 
its  rate  of  slnterltig.  It  should  only  be  remembered  that  in  the  "re¬ 
laxation"  process,  the  crystal  lattice  approaches  an  equlllbriUB 
state,  but  nevertheless  normally  does  not  reach  It  In  practice. 

It  has  been  established  by 
research  that  the  sintering  rate  of 
a  crystalline  solid  having  a  lattice 
In  a  state  far  from  equilibrium 
(a  severely  distorted  lattice)  Is 
tens  and  hundreds  of  times  (scxae- 
tlmes  even  several  orders)  higher 
than  the  sintering  rate  of  crystals 
with  only  minor  distortions.  Thus, 
according  to  Kukolev  and  Dudavskiy 

Fig.  27.  Kinetics  of  Isothermal 

sintering  of  pressformed  cop-  [128],  rapid  sintering  of  a  press- 
per  powder  with  initial  poros¬ 
ity  of  -30$^  In  specimen  183] .  formed  MgO  powder  produced  by  decom- 
1)  Relative  linear  shrinkage 

dL^/L’103.  position  of  MgCO^  and  having  consider¬ 

able  distortion  may  be  observed  at  a  temperature  of  600°,  while  MgO 
crystals  without  any  essential  crystal-lattice  distortions  sinter  at 
noticeable  rates  only  at  tenperatures  of  1400-1500°. 

The  sintering  rate  depends  on  the  perfection  of  the  solid's 
crystal  structure,  the  uniformity  and  extent  of  Its  partlcle-slze 
refinement,  the  temperature  of  the  process,  the  conposltlon  of  the 
gaseous  phase  surrounding  the  grains,  and  the  pressure  of  peloe  c< 
pactlng  (pressforming)  of  the  powder. 
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A  monodispttrse  (or  nearly  monodlsperse)  powder  usually  sinters 
mox^  slowly  than  a  polydlsperse  powder;  this  Is  accounted  for  by 
the  shprter  distance  between  grains  and  the  larger  surface  area  of 
mutual  contact  between  them  in  the  polydlsperse  powder  (see  $4, 
Chapter  1). 

As  the  temperature  is  raised,  the  rate  of  the  sintering  process 
naturally  Increases  In  accordance  with  the  increased  mobility  of  the 
lattice  structural  elements  and  surface-tension  forces. 

The  dependence  of  the  rate  of  the  process  on  the  composition  of 
the  gaseous  phase  Is  known  from  the  work  of  many  authors  [129-132] 
and  others.*  It  has  been  established  that  a  reducing  hydrogen  mediun 
favors  the  sintering  process  of  metallic  copper,  aluminum  oxide  (Fig. 
28),  and  other  powdered  metals  and  oxides  [129,  132],  that  beryllium 
powder  sinters  considerably  more  rapidly  at  a  teiqperature  of  1200^ 
in  an  argon  medium  than  In  a  medium  of  rarefied  (residual  presinare 
5*  10"^  mm  Hg)  air  [130],  that  a  reduction  of  oxygen  content  In  the 
gaseous  phase  accelerates  the  sintering  process  of  certain  oxides' 
of  variable  valency  [13ll»  wnd  so  forth. 


Fig.  28.  Sintering  of  powdered  a- alumina 
with  an  Initial  specimen  porosity  of 
.0.3  cmVS  In  media  of  air  (1)  and  hydro¬ 
gen  (2)  [132].  1)  Bulk  shrinkage  In  cgp/g; 
2)  time  In  hours. 


The  mechanism  by  which  the  gaseous  medium  Influences  the  sinter- 


TABLE  13 

Specific  Gravity  of  Molybdenum  Produced 
by  Sintering  for  3  hours 
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1)  Preseformlng  pressure  in  kg/cm^j  2) 
specific  gravity  in  g/cnP  after  sinter¬ 
ing  at  the  following  tenperstures  .in 
degrees. 

Ing  process  may  be  different  in  different  cases.  In  general,  this 
Influence  apparently  reduces  for  the  most  part  to  effects  on  the  coio- 
position  and  properties  of  the  superficial  grain  layers  and  on  the 
conditions  of  the  diffusion  that  governs  sintering. 

A  change  in  the  composition  of  the  gaseous  phase  (e.g.,  the  oxy¬ 
gen  content  in  it)  may  affect  the  nunftier  of  vacant  (in  this  example, 
oxygen)  points  in  the  lattice  of  the  solid  being  heated;  this  will 
alter  the  conditions  of  its  diffusion  considerably  and,  consequently, 
those  of  sintering  as  well. 

Another  pattern  of  the  effect  under  consideration  is  also  possible. 
Suppose,  for  example,  that  a  grain  of  the  material  to  be  sintered  is 
covered  with  a  film  of  substance  B  that  has  arisen  on  heating  or  was 
there  at  the  outset,  the  composition  of  substance  B  differing  from 
that  of  the  grain  material  A.  Then,  depending  on  the  differences  be¬ 
tween  the  properties  of  substances  A  and  B  and  the  properties  of  the 
gaseous  phase,  the  latter  may  influence  the  sintering  process  in  one 
direction  or  another.  Thus,  if  the  lattice  of  substance  B  possesses 
an  energy  higher  than  that  of  the  lattice  of  substance  A,  a  gaseous 
phase  that  contributes  to  elimliiation  of  B  by,  for  exa]if>le,  its  con¬ 
version  into  A,  will  favor  the  sintering  process.  In  the  contrary  case 
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(when  the  elenents  of  the  8ubstence>B  lattice  are  more  mobile  then 
thoae  of  aubatanee  A),  alnterlng  will  be  promoted  by  a  gaaeoua  medium 
that  promotea  the  formation  of  B.  Other,  more  complex  caaea  are  alao 
poaalble,  for  example,  aa  a  reault  of  the  ayatem  A^-B  having  propertlea 
that  differ  eaaentlally  from  thoae  of  either  of  Ita  componenta. 

Numeroua  Inveatlgatlona  have  eatabllahed  an  eaaentlal  Intensifi¬ 
cation  (in  the  majority  of  caaea)  of  the  powder- alnterlng  proceas  aa 
a  reault  of  prior  coitv>actlng  of  the  powdera. 

Characterlatlc  In  thla  reapect  are  the  data  of  Gznibe  and  Schlecht 
[1331  concerning  the  poroalty  attained  in  molybdenum  on  alnterlng  In 
hydrogen  after  prellmlnaz*y  compacting  of  the  molybdenum  powder  under 
varloua  preaaurea  (Table  13)* 

under  real  conditions,  the  sintering  proceaa  may  be  coiig>llcated 
considerably  by  Its  nonuniform  progress  at  varloua  distances  from  the 
surface  of  the  solid,  by  an  impurity  content  In  the  powder,  or  by 
other  factors. 

More  rapid  sintering  takes  place  near  the  surface  (here  the 
vacancies  diffuse  through  first).  This  is  why  we  observe  In  masses 
of  sufficiently  large  dimensions  a  thickening  of  the  layer  of  sintered 
material  from  the  surface  toward  the  Interior  of  the  solid  during  the 
sintering  process. 

Depending  on  their  properties  and  the  temperatxire,  Impurities, 
and  surface  impurities  in  particular,  may,  in  accordance  with  the 
above,  change  the  diffusion  rate  to  different  degrees  In  the  two  direc¬ 
tions;  this  will  naturally  affect  the  sintering  rate  In  the  solid 
phases.  The  formation  of  dense,  solid  films  of  Impurities  on  the  grain 
surfaces  may  retard  this  process. 

The  appearance  of  all  types  of  lattice  defects  In  the  presence 
of  impurities  promotes  the  progress  of  sintering. 
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Vhon  reactions  are  effected  In  crystalline  mixtures  in  Indus* 
trial  and  research  practice,  we  are  frequently  dealing  with  the  type 
of  liquid  sintering  noted  above,  which  takes  place  In  the  presence 
and  with  the  participation  of  a  liquid  phase.  . 

This  process,  to  which  studies  by  Baykov  [13^],  Belyankln  [135]>  ' 

Budnikov  [I36],  Berezhnoy  [137],  Kiikolev  [138-140]  and  many  other 
Investigators  have  been  devoted,  may  include  as  important  stages  -  In 
addition  to  the  phenomenon  described  earlier,  which  are  characteristic 
for  "cold,"  "dry"  sintering  —  phenomena  In  which  the  crystals  dissolve 
In  the  liquid  phase  and  the  latter  crystallizes. 

Since  solution  and  crystallization  processes  are  diffusive,  an 
understanding  of  the  nature  of  and  laws  governing  liquid  sintering 
and  Judicious  selection  of  the  conditions  for  this  process  require 
analysis  of  the  diffusive  aspect  of  this  process  and  consideration  of 
Its  general  qualitative  laws. 

As  we  know  [46,  141-144],  the  solubilities  of  solid  particles 
of  different  sizes  are  different.  Large  crystals  placed  in  a  liquid 
phase  may  grow  as  a  result  of  solution  of  finer  crystals  in  them  [l4l, 
143];  this  res\ilts  in  a  decrease  in  the  system's  thermodynamic  poten¬ 
tial.  This  decrease  Is  particularly  marked  in  cases  where  the  fine 
crystals  or  crystalline  aggregates  are  produced  by  grinding  and,  as 
a  result,  contain  more  of  the  various  types  of  defects  than  large 
crystals.  Such  a  recrystalllzatlon  phenomenon  may  be  of  great  impor¬ 
tance  In  the  process  of  liquid  sintering.  This  effect  may  have  as  its 
result  growth  of  large  crystals  or  their  being  overgrown  by  small 
crystals  —  processes  that  are  frequently  unjust if ledly  regarded  as 
simple  sintering  of  the  "cold"  type  with  a  wetting  or  "cementing"  ef- 
fieefc  MT  the  ll9idd  phase.  Sintering  In  the  presence  of  a  liquid  phase 
naturally  depends  cm  the  latter's  properties  (which  are  primarily  deter- 
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mined  by  its  structure)  and  relative  quantity. 

The  Investigations  of  Berezhnoy  [137]  and  Kukolev  [138>l40,  146, 

147]  showed  a  dependence  of  the  rate  of  the  liquid>sihtering  process 
on  the  viscosity  and  wetting  ability  of  the  melt:  other  conditions 
the  same,  the  process  will  proceed  more  rapidly  the  lower  the  viscosity 
and  the  greater  the  wetting  ability  of  the  llqpid  phase. 

In  a  study  of  the  sintering  of  alumina  in  various  systems,  Kukolev 
et  al.  [139,  146]  arrived  at  the  conclusion  that  the  structure  of  the 
melt  is  of  particularly  great  Importance  here:  intensive  crystalliza¬ 
tion  and  sintering  take  place,  in  accordance  with  the  well-known  argti- 
ment  of  Danilov  [l48],  under  conditions  in  which  the  clbotaxlc  grotqw 
existing  in  the  melt  correspond  to  the  short-range  ordering  of  the 
crystallizing  phase. 

The  phenomenon  of  liquid  sintering  still  requires  additional  In¬ 
vestigation.  The  Influence  of.  concentration  (and  supersaturation)  of 
the  liquid  phase  and  the  influence  of  the  external  pressure  and  other 
conditions  of  this  process  on  its  Intensity  should,  among  other  things, 
be  the  subject  of  circumstantial  study.* 

«  »  * 

Let  us  consider,  as  briefly  as  possible,  the  recrystallization 
process  of  solids.  As  we  know,  it  consists  in  the  formation  of  certain 
grains  of  the  solid  at  the  expense  of  others  and  takes  place  particu¬ 
larly  rapidly  in  plastically  deformed  solids.  Its  external  manifesta¬ 
tion  Is  a  change  in  the  sizes  and  number  of  the  crystals.  The  natun 
of  this  process,  which  has  a  considerable  Influence  on  the  properties 
of  crystalline  solids  and  reactions  in  mixtures  of  them,  depends  on 
conditions.  t 

We  distinguish  between  two  forms  or  limiting  cases  of  recry stalll- 
zatlon:  1)  recrystalllzatlon  proper  or  primary  or  true  recrystalllzatlon. 


-  106  - 


which  l3  also  known  as  work  r ecrystallizatlon,  and  2)  selective  or 
secondary  recrystalllzatlon. 

The  first  of  these  forms  deve.lops  from  definite  centers  In  plas¬ 
tically  deformed  solids.  As  It  proceeds,  new,  differently  oriented 
grains  arise  at  the  positions  of  the  original  grains. 

The  second  form,  on  the  other  hand,  has  no  relation  to  prior  de¬ 
formation  of  the  solids,  l.e..  It  may  take  place  In  solids  with  either 
deformed  or  undeformed  lattlr  s.  In  this  case,  the  process  reduces  to 
coarsening  of  the  grains  by  displacement  of  their  boundaries,  but  not 
by  grain  coalescence,  as  is  the  case,  for  example.  In  sintering. 

In  plastically  deformed  solids,  selective  recrystalllzatlon  most 
frequently  takes  place  after  mechanically- Induced  recirystalllzatlon. 
However,  both  of  these  phenomena  may  also  proceed  independently  of 
one  another  and.  In  certain  cases,  simultaneously. 

There  exist  various  conceptions  as  to  the  motive  force  and 
physical  nature  of  the  recrystalllzatlon  processes. 

A  reduction  of  the  solid's  thermodynamic  potential  as  a  result 
of  either  a  reduction  of  the  total  boundary  area  between  grains  or 
relief  of  distortions  and  stresses  In  the  lattices  or  both  of  these 
effects  simultaneously  should  be  regarded  as  their  motive  force.  The 
relative  In^ortances  of  these  effects  in  different  cases  and  in  dif¬ 
ferent  stages  of  the  given  process  may  not  be  the  same. 

It  would  be  useful  to  evaluate  the  magnitude  of  the  energy  change 
in  the  processes  under  consideration.  According  to  experimental  data 
[l49],  -0.5  to  1  kal/g  is  liberated  In  annealing  of  a  deformed  metal; 
for  copper,  this  comes  to  30  kal/g-atom.  This  energy  is  liberated  partly 
during  recovery  and  partly  during  recrystalllzatlon.  Grain  growth  Is 
accompanied  by  a  relatively  small  (in  order  of  magnitude)  heat  ef¬ 
fect.  Assuming  that  the  grains  represent  close-packed  cubes.  Sirs 


[130]  found  that  the  surface  energy  of  the  grain  boundaries  la 
kal/em^. 

This  signifies  that  the  surface  enorgy  at  the  boundaries  of 
lOT^-cm  copper  grains  is  ~0.21  kal/g-atom.  When  the  grain  size  Is 
Increased  by  a  factor  of  10,  about  0.19  kal/g-atom  Is  released.  It 
Is  Interesting  to  conqpare  this  quantity  with  the  heat  of  fusion  of 
copper,  which  is  3100  kal/g-atom. 

In  the  majority  of  cases,  work  recrystalllzatlon  is  effected  in 
a  deformed  material  by  formation  and  subsequent  growth  of  seeds  of 
unstressed  material.  This  growth  of  grains  with  undlstoz^ed  lattices 
takes  place  as  a  result  of  migration  of  particles  of  the  solid  (at<»ns, 
etc.)  from  distorted  to  imdlstorted  crystals.  Thus,  as  a  result  of 
work  recrystalllzatlon,  we  obtain  crystals  or,  more  precisely,  granules 
that  are  more  or  less  free  of  distortions  and.  In  any  event,  more 
stable  than  the  initial  crystals. 

In  accordance  with  the  mechanism  of  this  process,  which  has  much 
in  common  with  phase  transformations,  its  kinetics  may  be  described 
by  the  use  of  the  quantities  n  and  £,  which  characterize  the  rate  of 
foxmiatlon  of  the  centers  and  the  linear  growth  rate  of  the  new  crystals. 
The  values  of  these  quantities  depend,  as  has  been  shown  by  nvunerous 
investigations  [46,  131-157]/  prlnarlly  on  the  purity  of  the  solid, 
the  degree  of  Its  deformation,  and  Its  grain  size,  as  well  as  on  the 
temperature  of  the  process. 

It  has  been  established  that  pure  substances  recrystallize  at  a 
particularly  rapid  rate.  Small  quantities  of  Impurities  (sometimes 
<  O.Olj^)  may  lower  the  recrystalllzatlon  rate. by  several  orders,  so 
that  the  so-called  recrystalllzatlon  temperature  is  Increased  by 
hundreds  of  degrees  [46,  131- 133). 

The  Influence  of  dissolved  impurities  is  particularly  important. 
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By  changing  the  forces  and  er.ergy  of  Interatomic  Interaction  In  the 
solid,  soluble  Impurities  simultaneously  affect  the  activation  energy 
of  the  diffusion  effects  and,  consequently,  the  recrystal llzatlon 
process.  Here,  an  Impurity  that  increases  the  energy  of  Interatomic 
Interaction  (as  Is  the  case  in  the  overwhelming  majority  of  cases) 
naturally  reduces  the  mobility  of  the  atoms  and  retards  diffusion  and 
recrystalllzatlon  [153l* 

Preliminary  deformation  of  a  solid  (an  Increase  In  Its  degree  of 
deformation)  Influences  the  values  of  c  and  n  (the  latter  In  particular) 
In  the  majority  of  cases  to  accelerate  recrystalllzatlon. 

In  a  polydlsperse  solid,  the  large  grains,  which  possess  a  lower 
surface  energy,  grow  with  particular  rapidity  in  prlmaiy  recrystalll¬ 
zatlon. 

Both  the  rate  of  seeding  and  the  rate  of  crystal  growth  are  ex¬ 
tremely  sensitive  fvmctlons  of  temperature.  At  a  certain  degree  of 
deformation  of  the  solid,  the  dependence  of  growth  rate  on  temperature 
may  be  expressed  approximately  by  the  formula 


c  —  c^ 


where  Q.  is  the  activation  energy  for  crystal  growth, 

G 

The  value  of  n  varies  as  a  function  of  temperature  in  the  same 
manner;  here,  we  know  that  0^  “  small  deformations 

«  5^)  is  Q„  >  Q^. 

Finally,  It  has  been  established  that  at  constant  temperature, 
the  seeding  rate  n  of  the  crystal  centers  Increases  considerably  as 
the  process  advances,  while  the  average  growth  rate  c  shows  virtually 
no  variation  In  time  in  the  majority  of  cases  [15^-157). 

We  frequently  speak  of  the  recrystalllzatlon  or  Initial- recrystal¬ 
llzatlon  temperature  that  Is  characteristic  for  a  given  substance. 
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TIMS*  tersis  refer  to  the  temperature  at  which  the  process  under  con« 
slderatlon  attains  an  appreciable  rate  (l.e.,  an  abmipt,  stepwise 
rise  in  this  rate)*  which,  as  will  be  clear  from  the  above,  depends 
on  many  factors.)  Including  the  degree  of  deformation  of  the  material 
being  heated.  As  the  latter  Increases,  the  recz^stalllzatlon  tenqpere- 
ture  drops. 

According  to  Bochvar,  the  amplitude  of  vibration  necessary  to 
effect  the  process  of  recrystalllzatlon  Is,  as  in  the  case  of  fusion 
(pages  116,  117)*  A  certain  fraction  of  the  crystal- lattice  cdMtant 
(a  smaller  fraction  for  crystallization,  naturally,  than  for  fusion). 
Proceeding  from  this,  Bochvar  [158,  159]  arrived  at  the  conclusion 
that  If  we  disregard  complicating  factors,  the  recrystalllzatlon 
temperatures  of  the  various  metals  should  constitute  the  same  frac¬ 
tion  of  their  melting  points.  Actually,  as  Bochvar  established  on  the 
basis  of  ezperimental  data  and  as  has  been  confirmed  by  Limpt  [I60] 
by  theoretical  calculation,  S  (0.35  to  0.40)?^^^^. 

The  ccwidltlons  and  mechanism  of  seed  formation  may  vary.  Since 
the  motive  force  of  this  process  is  the  difference  between  the  system's 
thermodynamic  potentials,  we  may  readily  Imagine  that  the  preferential 
points  of  seed  fonnatlon  should  be  points  at  which  "order  and  dis¬ 
order"  arise,  l.e.,  mlcrovolumes  with  undistorted  crystal  lattice  In 
a  mass  possessing  a  defect  structure.  Obviously,  the  motive  force  of 
the  seeding  process  will  be  the  higher  the  greater  the  difference  In 
the  degrees  of  ordexding  in  the  solid's  lattice  and,  consequently,  the 
greater  the  nonuniformity  with  which  stresses  are  distributed  In  Its 
volume. 

Naturally,  the  rate  of  the  process  must  depend  here  on  the  dis- 
tamcm  Imtaieea  polAts  having  different  degrees  of  ordering.  Conse- 
quentljra  It  will  be  helpful  to  Introduce  the  concept  of  a  conventional 
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distortion  gradient  In  order  to  characterize  the  motive  force  of  the 
process,  and  to  understand  certain  of  the  qualitative  laws  governing 
It* 

where  and  H2  are  the  respective  degrees  of  disturbance  of  the  lait> 
tlce  In  the  first  and  second  compared  points  of  the  solid  and  Lj^.2 
the  distance  between  them. 

To  a  certain  degree,  this  gradient  Is  analogous  to  the  teinpera- 
ture  and  concentration  gradients  with  which  we  work  In  the  theory  of 
heat-  and  mass  transfer. 

Making  use  of  such  a  gradient,  we  may  write  that  the  Intensity 
jL  of  the  seeding  process  at  the  given  temperature  must  be  In  first 
approximation  proportional  to  VH  and  to  the  nianber  n  of  disturbances 
per  unit  volume  of  the  solid: 

i  —  —  KvMn,  ^  55^ 

where  the  minus  sign  Indicates  that  the  process  Is  going  In  the 
direction  of  reduced  distortion. 

Experimental  evaluation  of  the  true  or  average  value  of  the  dis¬ 
tortion  gradient  would  probably  make  It  possible  In  many  practical 
cases  to  account  quantitatively  for  the  Intensity  of  recrystalllza- 
tlon  seeding  In  the  regions  (more  precisely,  near  the  regions)  of 
large  lattice  distortions. 

The  mechanisms  of  the  seeding  and  growth  processes  of  crystals 
are  apparently  highly  similar.  Certain  authors  even  assume  that  seed¬ 
ing  Is  essentially  growth  of  centers  that  already  exist  (subgrains) 

In  the  solid.  However,  energy  comparisons  of  these  processes  indi¬ 
cate  that  In  actuality,  the  activation  energy  of  seeding  (the  proc¬ 
ess  Involved  In  the  emergence  of  a  new  surface)  at  relatively  lov 
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deformations  is  greater  than  the  activation  energy  of  grain  growth. 

At  any  given  temperature,  the  seed  growth  rate  is  higher  than 
the  formation  rate.  As  the  degree  of  deformation  rises,  the  rate  of 
fonnation  increases  more  rapidly  than  the  growth  rate.  As  a  result, 
the  average  grain  size  is  smaller  toward  the  end  of  primary  reczystal* 
lizatlon  the  higher  the  degree  of  deformation. 

The  number  of  disturbances  per  unit  volume  of  a  solid,  the 
value  of  the  average  differential  (or  gradient)  of  the  distxirbances, 
and  the  degrees  of  their  nonuniformity,  which  affect  the  kinetics  of 
recrystallization  (chiefly  the  seeding  rate)  depend  on  the  size  of 
the  original  grains:  the  smaller  the  grain  size,  the  larger  will  be 
their  number  and  the  steeper  will  be  the  distortion  gradient  (the 
distortions  being  particularly  marked  at  the  grain  boundaries)  and, 
consequently,  the  larger  will  be  the  number  of  seeding  centers  for 
a  given. temperature. 

Since  regions  with  increasingly  low  degrees  of  distortion  be¬ 
come  seeding  centers  as  the  tenq^erature  rises,  the  result  will  be  an 
Increase  in  the  ntimber  of  zones  that  may  act  as  seeding  centers.  Con¬ 
sequently,  the  relatively  quick  recrystallization  that  occurs  at 
higher  temperatures  results  In  the  formation  of  smaller  grains. 

The  use  of  these  and  certain  other  points  makes  it  possible  to 
regulate  the  grain  size  of  the  solid  that  results  from  recrystalllza- 
tion. 

The  motive  force  of  the  secondary  ( select ive)-recxystallizat ion 
process  is  the  surface  tension  of  the  grain  boundaries,  so  that  the 
process  advances  in  either  the  presence  or  absence  of  prior  deforma- 
.tlon.  The  action  of  surface-tension  forces  is  what  accounts  for  [83, 

125]  the  direction  of  the  previously  mentioned  displacement  of  the 
boundaries  between  the  grains  in  the  secondary-recrystalllzatlon  process 
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the  boundary  moves  from  a  crystal  that  is  tender  t  mslon  by  the  forces 
of  Interphase  surface  tension  toward  an  adjacent  crystal  that  Is  coia> 
pressed  by  the  same  forces  (normally,  large  crystals  "eat  up"  smaller 
sized  crystals) .  This  results  In  a  reduction  of  the  system's  Internal 
surface  energy. 

The  kinetics  of  the  process  described  here  Is  similar  as  regards 
Its  basic  features  to  that  of  primary  crystallization.  However,  the  . 
rate  of  secondary  recrystal]  izatlon  Increases  with  diminishing  size  of 
the  original  grains.  Here,  the  growth  rate  Is  considerably  lower  than 
In  primary  recrystalllzatlon. 

Using  theoretical  analysis  as  a  basis  for  comparing  the  possible 
rates  of  recrystalllzatlon  and  sintering  for  a  given  order  of  grain 
and  pore  sizes.  Pines  [83]  arrived  at  the  conclusion  that  the  first 
of  these  processes  must  take  place  considerably  more  rapidly  than  the 
second,  so  that  In  practice,  recrystalllzatlon  precedes  sintering  In 
polycrystalline  solids  with  distorted  lattices,  l.e.,  sintering  takes 
place  in  a  recrystallized  solid. 

However,  this  proposition  requires  further  detailed  experimental 
Investigation. 

§3-  FUSION.  HETEROGENEOUS  EQUILIERION 

Understanding  of  the  essential  nature  of  and  laws  governing  the 
fusion  process  naturally  requires  a  conception  of  the  similarities 
and  dissimilarities  In  the  structure  and  properties  of  solids  and 
liquids.  . 

until  comparatively  recently.  It  was  believed  that  the  structure 
of  fluids  lacks  any  form  of  regularity  even  at  temperatures  close  to 
the  crystallization  temperatures,  l.e.,  that  In  the  sense  of  the  ar¬ 
rangement  of  Its  particles  (atcans,  ions,  molecules),  liquids  are  as 
amorphous  as  gases. 
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l^ls  conception,  which  was  reinforced  by  the  close  association 
between  the  liquid  and  gaseous  states  as  established  by  the  van  der 
Vaals  theory,  was  essentially  an  Idealization  of  the  liquids,  and 
one  which  approximated  reality  only  at  very  high  (near* critical)  tem¬ 
peratures  and  large  volumes.  In  actuality,  the  so-called  "long-range 
order"  In  the  arrangement  of  the  molecules  or  atoms  of  a  liquid  Is 
lacking.  In  contrast  to  the  situation  in  crystals.  However,  there  Is 
a  "short-range  order,"  l.e.,  a  regularity  In  their  arrangement  In  the 
immediate  vicinity  of  any  given  atom  (or  molecule),  which  drops  off 
rapidly  with  Increasing  distance.  At  not  particularly  high  tenqpera- 
tures,  the  liquid  Is  cirystal-llke  In  structure  and  reminiscent  of  a 
microcrystalline  solid.  The  regularity  In  the  structure  of  liquids, 
or  their  degree  of  crystal- similitude.  Increases  as  we  approach  the 
crystallization  temperature  and  differs  only  slightly  from  the  regularity 
of  the  solid's  structure  near  this  temperature. 


This  Is  confirmed  by  the  results 
of  many  Investigations.  It  Is  known 
that  formation  of  crystallization 
centers,  takes,  place  In  supercooled 
liquids.  These  crystallization  centers, 
which  are  particularly  distinct  in 


complex  liquids  with  extremely  large 

Fig.  29.  Variation  of  intensity 

distribution  In  water  as  a  molecules,  are  obviously  submicro¬ 

function  of  scattering  angle 

(results  of  x-ray  investigation  scoplc  crystals, 
of  water).  1)  First  maximum  at 

3.27  A;  2)  second  maximum  at  Further,  It  has  been  possible  as 

2.27  A;  3|  third  maxlmtun  at 

1.45  A.  A)  Relative  Intensity,  a  result  of  x-ray  and  electron-diffrac¬ 


tion  examination  of  many  liquids.  Including  water,  mercury,  and  fused 


silicates,  to  establish  that  their  structure  is  nearly  crystalline 

1161-163]. 


-  114  - 


X-ray  diffraction  patterns  of  liquid  mercury  Indicate  that  the 
first  few  layers  of  atoms  surrounding  any  arbitrarily  selected  aton 
are  arrayed  about  It  preferentially  at  the  same  distances  as  In  the 
single  crystal.  Thus*  the  "short-range  ordering”  Is  basically  retained 
In  the  arrangement  of  the  atoms.  Here  we  observe  a  certain  scattering 
of  the  atoms  about  the  positions  that  might  be  eiqpecte^  In  the  case 
of  an  Ideal  crystalline  structure  for  mercury.  TOe  value  of  the  average 
displacement  of  the  atoms  (with  respect  to  their  Ideal  positions)  izv- 
creases  in  proportion  to  the  square  root  of  distance*  so  that  there 
Is  no  "long-range  ordering”  In  the  structure  of  liquid  mercury. 

Let  us  note  that  the  quasl-crystalllne  structure  of  a  liquid  some¬ 
times  differs  from  the  crystalline  structure  of  the  same  substance. 
Thus*  in  the  solid  state*  mercury  crystallizes  In  the  form  of  a 
rhonibohedral  lattice*  while  In  the  liquid  state  It  makes  an  approach 
to  a  close-packed  hexagonal  lattice;  ice  has  a  crystal  structure 
similar  to  that  of  trldymlte*  while  water  resembles  quartz  In  this 
respect . 

The  distinction  between  the  structure  of  water  and  that  of  Ice 
has  been  exactly  established  by  x-ray  Investigation  (see  Fig.  29* 
which  has  been  borrowed  from  the  work  of  Bernal  and  Fauler  [l64])*  and 
has  been  conflzmed  by  coiqparison  of  their  physical  properties  (e.g.* 
density)  and  energy  calculations  [43]. 

The  tenperature  of  a  liquid  naturally  affects  the  rate  and  nature 
of  the  vibrations  of  Its  particles.  As  the  tenperature  rises*  we  may 
observe  a  series  of  transitions  In  the  thermal-agitation  pattern  of 
the  liquid  particles  from  vibrations  about  the  virtually  unchanging 
(or  very  seldom  changing)  equilibrium  positions  characteristic  for  the 
solid  to  the  eaceedli^ly  Intense  translational  motion  of  particles 
that  Is  cSaaracterlstlc  for  a  gas  and  disturbed  only  collisions  between 
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them. 

To  form  a  Judgement  as  to  the  nature  of  thermal  agitation  In 
liquids.  It  Is  Interesting  to  compare  their  heat  capacities  with 
those  of  the  corresponding  solids,  it  is  known  that  the  heat  capacity 
of  liquids,  particularly  such  simple  liquids  as  fused  metals,  are 
always  higher  than  the  heat  capacities  of  the  corresponding  solids 
near  their  crystallization  temperatures.  Thus,  the  heat  capacities 
of  mercury,  tin,  and  lead  in  pure  form  are  4,  13,  and  2856  higher,  re- 
spectlvely,  them  In  the  solid  form.  This  heat- capacity  Increase  corre¬ 
sponds  to  the  energy  of  amorphlzatlon  of  the  solid,  which  begins  on 
fusion;  amorphlzatlon  of  a  solid  is  frequently  detected  in  the  form 
of  Its  latent  heat  of  fusion. 

The  heat  capacities  of  many  simple  solids  such  as  metals  and  the 
Inert  elements  undergo  virtually  no  change  on  fusion,  remaining  very 
close  to  6  kal/g-atom,  l.e.,  to  a  value  corresponding  to  Dulong  and 
Petit !s  law.  We  obtain  this  value  if  we  use  as  our  point  of  departure 
a  conception  of  the  oscillatory  motion  of  the  atoms  about  certain 
meam  equilibrium  positions.  The  absence  of  any  essential  difference 
between  the  heat  capacities  of  a  given  substance  in  the  solid  and  liquid 
states  suggests  that  the  nature  of  particle  thermal  agitation  undergoes 
no  essential  change  on  fusion:  at  temperatures  close  to  the  melting 
point,  this  motion  reduces  to  oscillation  of  the  particles  about  cer¬ 
tain  equilibrium  positions. 

Proceeding  from  these  concepts,  which  were  developed  chiefly  by 
Frenkel'  [44,  45],  we  must  conclude  that  fusion  is  not  a  transition 
of  the  substance  from  the  crystalline  state  into  an  amorphous  state, 
but  simply  partial  amorphlzatlon  of  the  solid  resulting  from  disturb¬ 
ances  to  "long-range  ordering"  with  retention  of  "short-range  ordier* 

In  Its  structure.  In  many  respects,  fusion  is  analogous  to  transltloai 
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of  the  substance  Into  anothez*  modification. 

To  bring  a  solid  Into  the  liquid  state,  l.e.,  for  the  above 
partial  anorphlzatlon  to  take  place.  It  Is,  of  course,  necessary  to 
ascend  energy  to  overeoete  the  forces  operating  between  the  elements 
of  Its  lattice:  fusion  Intervenes  when  the  average  energy  of  lattice- 
element  vibration  Is  sufficiently  large  to  achieve  a  certain  dlstxirb- 
ance  of  the  bonds  between  them.  According  to  Llndeman  [I63],  the 
linear  oscillation  amplitude  of  the  atoms  of  the  solid  at  which 
they  are  tom  from  the  crystal  lattice  In  the  fusion  process  consti¬ 
tutes  a  certain  fraction  of  the  average  Interatomic  distance  d: 


where  l/m  Is  a  fraction  of  the  average  Interatomic  distance  that  de¬ 
pends  on  the  structure  of  the  solid  and  Is  determined  e:qperlmentally. 

It  Is  therefore  natural  that  the  solid's  heat  of  fusion  Q  should  de¬ 
pend  on  the  composition,  structure,  shape,  and  relative  positions  of 
the  structural  units  In  the  crystals,  which  are  built  from  atoms. 

Ions,  or  molecules.  The  value  of  Q  In  cal/mole  varies  over  a  wide 
range  for  various  classes  of  substances  —  metals  and  Inorganic  and 
organic  compounds  —  as  has  been  shown  by  experiment. 

The  melting  point  of  a  cz^stalllne  solid  must  depend  on  its  lattice 
energy,  which  Is  determined  by  Its  basic  parameters  (see  pages  19-22). 

As  we  know,  each  solid  has  a  certain  exactly  reproducible  (at  a  given 
pressure)  melting  point,*  at  which  many  of  Its  properties  change 
abruptly.  We  are  speaking,  of  course,  of  structxire- sensitive  propez>tles 
—  properties  that  depend  essentially  on  the  retention  or  disruption 
of  "lo-tg-rango  order"  In  the  structure  of  the  solid.  Here,  structure- 
insensitive  properties,  which  d^end  only  on  "short-range  order"  In 
the  solid's  structure,  undergo  no. essential  changes.  In  much  the  same 


1 

\ 


117 


way  as  occurs  on  transition  from  a  single  crystal  to  a  mlcrocrystal- 
llne  aggregate. 

The  melting  point  of  a  solid  must.  In  general,  depend  on  external 
conditions,  and  In  particular  on  pressure.  In  accordance  with  the 
laws  of  thermodynamics,  a  pressure  increase  gives  rise  to  an  Increase 
In  the  material's  melting  point,  if  (as  Is  ustially  the  case)  fusion 
of  the  substance  Is  accompanied  by  an  Increase  In  its  volume. 

A  drop  In  pressure  leads  to  the  converse  result  and,  by  applying 
a  sufficiently  large  "negative  pressure"  to  a  solid  from  all  sides. 

It  will  be  possible  to  "melt"  it,  i.e.,  bring  it  into  the  liquid  (quasl- 
crystalllne)  state  at  ainy  temperature  from  absolute  zero  to  the  melt¬ 
ing  point  of  this  solid  at  atmospheric  pressiire.  Theoretically,  such 
fusion  Is  quite  possible. 

In  actuality,  the  melting  points  of  substances  depend  only  very 
Insignificantly  on  pressure.  It  is  known,  for  example,  that  a  130-atm 
change  In  the  pressure  over  ice  changes  Its  melting  point  by  only 
1°, 

For  this  reason,  and  particularly  because  reactions  In  solid 
mixtures  are  usually  conducted  under  atmospheric  pressure  (or  a  pres¬ 
sure  close  to  atmospheric),  we' may  dl8regaz*d  the  change  in  melting 
point  of  the  mixture  components  as  a  function  of  pressure  In  the  over¬ 
whelming  majority  of  the  cases  that  are  of  practical  Interest  to  us. 

However,  this  change  must  be  taken  Into  consideration  in  cases 
where  the  reaction  Is  conducted  under  a  pressure  that  differs  con¬ 
siderably  from  atmospheric  (as  was  the  case,  for  example,  in  certain 
experiments  of  Spring  [l66]). 

.•  »  » 

\ 

tTo  Investigate  the  conditions  under  idiich  reactions  proceed  be¬ 
tween  solid  substances  and  to  account  for  their  behavior  under  these 


conditions,  it  is  first  of  all  necessary  to  have  available  Informa* 
tlon  concerning  the  various  heterogeneous  equilibria  that  prevail 
at  high  temperatures.  Physicochemical  analysis  of  the  corresponding 
equilibrium  systems  is  therefore  a  necessary  element  In  ^^lyals  of  ^ 
any  nonsteady  process  In  a  solid  mixture.  | 

We  can  distinguish  three  Interrelated  Important  trends  In  physlco* 
chemical-analytical  Invest Igatlont 

topology,  or  qualitative  study  of  the  general  geometrical  prop¬ 
erties  of  the  diagram  of  state  (Olbbs,  Rozebom,  Kumakov  and  his 
school) j 

metrics,  l.e.,  quantitative  study  of  the  relationships  between 
the  quantities  characterizing  the  processes  that  take  place  in  the 
system  and  the  elements  of  the  diagram  of  state  (Stepanov,  Storonkln); 

study  of  the  cause  for  the  relationship  between  the  topological 
and  metric  characteristics  of  the  equilibrium  diagram  on  the  one  hand 
with  the  structure  and  properties  of  the  system  conq>onents  on  the 
other  (Pines,  Danilov,  Kamenetskaya,  Kravchenko,  and  others). 

Recently,  a  topoanalytlcal  method  for  study  of  equilibrium  systems 
has  been  developed  in  the  work  of  Palatnlk  and  other  authors  and 
successfully  applied;  this  combined  the  geometrical  and  analytical 
methods  of  Investigation. 

Let  us  first  pause  to  discuss  topology.  As  we  know,  the  phase- 
rule-govemed  relationship  between  the  number  of  phases  and  the  number 
of  components  In  the  system  may  vary  with  changes  In  the  prevailing 
external  conditions.  The  conditions  under  which  a  state  change  occurs 
In  the  system  are  related  to  the  phase  composition.  For  a  given  set 
of  external  conditions,  the  phase  composition  will  depend  on  the  thermo¬ 
dynamic  properties  of  the  components.  The  most  specific  and  con¬ 
venient  form  for  expressing  these  interrelationships  consists  in 


grftphle  ehaxttcterlzatlon  of  the  heterogeneous  equlllbrltim  by  means  of 
eoncentration-tenqperatiire  diagrams,  the  so-called  diagrams  of  state. 
The  [Soviet]  [I67-I70  and  others]  and  foreign  [171,  172  and  others] 

11  termtures  contain  extensive  collection^  of  these  diagrams. 

Assuming  that  the  read^  Is  familiar  both  with  the  principle 
on  which  such  diagrams  are  constructed  from  e:q>erlmental  data  and, 
specifically,  from  solution  (melt) -cooling  curves,  and  with  the  reasons 
for  the  differences  between  the  most  Important  forms  of  these  diagrams 
(Fig.  30),  we  recall  that  the  plane  of  the  diagram  of  the  system  A-B 
e.g.,  that  shown  In  Pig.  30a,  Is  divided  by  the  curves  of  the  Inltlal- 
crystalllzatlon  temperatures  T^£  and  T^E  and  the  horizontal  eutectic 
line  PQ  Into  four  regions. 


Pig.  30.  Basic  forms  of  diagrams  of  state  for  two- 
cosqponent  systems,  a)  Simple  eutectic  (full  solu¬ 
bility  In  liquid  phase  and  absence  of  solubility 
In  solid  phases);  b)  chemical  compound;  c)  limited 
solubility  In  liquid  form;  d)  limited  solubility 
In  solid  form;  e)  polymorphic  transformations; 
f)  several  chemical  compounds. 


Within  the  limits  of  region  I,  which  Is  bovinded  below  by  the 
llquIAss  cwms,  there  is  only  a  single  liquid  phase,  the  composition 
of  vftflch  varies  frcan  A  to  B.  Between  the  llquldus  curves  and  the 
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eutectic  horizontal  we  have  two  two-phased  regions  II  and  III,  within 
which  a  variable- coiQposltion  liquid  phase  is  In  equilibrium  with  a 
single  solid  phase  of  constant  composition:  A  In  region  II  and  B  in 
region  III.  Finally,  below  the  eutectic  horizontal  we  have  region 
IV,  In  which  two  solid  phases  of  constant  composition  —  crystals  of 
A  and  B  —  coexist. 

Accordlni^  to  the  phase  rule,  the  liquids  of  region  I  have  two 
degrees  of  freedom,  while  the  liquid-solid  systems  of  regions  II  and 
III  have  one  degree  of  freedom,  as  do  the  solid  systems  of  region  IV.  . 
Like  the  possibility  and  direction  of  spontaneous  advance  of  any  proc¬ 
esses  In  the  system.  Its  equilibrium  conditions  are  governed  by  general 
thermodynamic  relationships. 

If  a  certain  system  exists  In  two  states  simultaneously  at  a 
given  temperature  and  pressure,  e.g..  In  the  crystalline  and  liquid 
states,  In  the  form  of  a  solution  and  a  mechanical  mixture,  and. so 
forth,  then  that  one  of  Its  states  in  which  the  thezrniodynamlc  poten¬ 
tial  of  the  system  Is  lower  will  be  the  stable  one.  Thus,  crystals  of 
any  substance  possess  higher  thermodynamic  potentials  at  temperatures 
above  Its  melting  point  than  does  a  melt  of  this  substance,  so  that 
they  are  unstable.  Thus,  if  the  thermodynamic  potential  of  a  system 
In  the  form  of  a  solution  Is  larger  than  the  energy  in  the  mechanical- 
mixture  form,  the  solution  will  be  less  stable  than  the  mixture,  and 
it  will  go  spontaneously  Into  the  mixture  state.  In  the  contrairy  case, 
the  reverse  transformation  will  also  take  place  spontaneously.. 

The  thermodynamic  potential  of  a  mixture  of  components  at  the 
bame  temperature  and  pressxu'e  Is  an  additive  quantity.  It  depends  on 
the  mass  of  the  materials  forming  the  system. 

'The  specific  thermodyimmlc  potential  of  the  system  (that 
to  1  g  or  to  1  mole  of  the  material)^  consistlx>g  of  any  phases  Is  a 
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linear  function  of  the  weight  (or  mole)  fractions  of  the  coiqponente 
and  may  be  computed  by  the  displacement  rule 

**.*  .•’  *  ■  • 

Where  Zg>  ...»  z^  are  the  specific  thermodynamic  potentials  of  the 

ikxture  components  and  Xj^,  3^,  are  their  weight  (or  mole)  frac¬ 

tions  in  the  mixture. 

Obviously «  the  specific  thermodynamic  potential  of  a  nonuniform 
binary  mixture  will  be  expressed  by  a  straight  line,  and  that  of  a 
uniform  binary  mixture  (solid  or  liquid  solution,  gaseous  mixture 
of  two  components)  by  a  curve.  Here,  according  to  what  we  said  above, 
the  thermodynamic-potential  curve  of  a  stable  uniform  mixture  such  as 
a  solution  will  lie  below  the  corresponding  straight  line  computed 
by  the  additive  rule  over  its  entire  length. 

As  was  shown  as  long  ago  as  1899  by  Rozebom  [1731*  we  may  obtain 
the  shape  and  establish  the  type  of  diagram  of  state  for  a  heterogeneous 
system  by  applying  the  phase  xnile  and  the  thermodynamic-potential  curves. 
The  principle  of  such  reasoning  reduces  to  examination  of  a  series 
of  Isotherms  of  the  system's  specific  thermodynamic  potentials,  es¬ 
tablishment  of  the  phases  in  equilibrium  at  each  selected  temperature, 
and  construction  of  a  diagram  showing  the  phase-transition  temperatures 
as  functions  of  the  system's  composition. 

It  will  be  easiest  to  reproduce  the  sequence  followed  In  this  rea¬ 
soning  by  reference  to  the  example  in  which  the  diagram  of  state  of 
a  binary  system  characterized  by  full  solubility  In  the  llqpld  state 
and  zero  solubility  In  the  solid  state,  l.e.,  a  diagram  with  a  simple 
eutectic,  is  derived. 

The  Isothermal  curves  of  specific  thermodynamic  potential  are 
^hown  at  the  top  In  Fig.  31  for  such  a  system  at  six  different  tem¬ 
peratures,  while  the  bottom  of  the  figure  shows  the  diagram  of  state 
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Fig.  31.  Iso¬ 
thermic  curves 
of  specific 
thermodynamic 
potential  of 
system  with 
simple  eutectic. 
I  >  liquid; 

T  >  solid. 


of  tangency  D. 

Noting  the 


obtained  for  the  system  from  these  euznres. 

The  points  ®t*  ^zh  and  express  the 
values  of  the  specific  thesrmo^^rnsmie  potentials 
of  the  eonponents  A  and  B  o^'  the  system* 

In  the  solid  and  llqtild  states*  respectively. 

At  a  teiqperature  t^  In  excess  of  the  melting 
point  of  the  higher-melting  conponttit  A*  the 
points  A^  and  are  naturally  situated  higher 
than  the  points  A^^^  and  B^  (diagram  I). 

As  the  t«q>erature  Is  lowered*  the  point  A^ 
approaches  the  point  A^i^*  and  point  B^  approaches 
B^h*  When  the  system's  temperature  t^  Is  equal  to 
the  melting  point  of  coeponent  A  (diagram  II)* 
the  points  and  ^sh  coincide;  then  the  point 
B^  Is  above  point  Bj^^^*  since  component  B  has 
melted. 

On  further  depression  of  the  temperature* 
point  lies  below  ^sh*  In  this  case*  we  may 
draw  from  point  A^  a  tangent  to  the  curve  of  . 
specific  thermodynamic  potential*  Indicating 
equilibrium  of  the  solid  component  A  with  a  cer¬ 
tain  solution  whose  composition  Is  given  by  the 
point  of  tangency. 

If  the  tempera tiure  t^  Is  equal  to  the  melting 
point  of  component  B*  points  B^  and  B^^^  will  coljv 
clde  (diagram  III) .  Let  us  pass  a  tangent  to  the 
curve  from  A^  and  a  vertical  line  through  the  point 


tenperature  cn  the  diagram  of  state,  we  draw  the 
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Isothermal  line  FD'  corresponding  to  It;  the  point  D*  of  Intersection 
of  this  line  with  the  above  vertical  line  Indicates  the  temperature 
at  urtileh  crystallization  begins  In  a  system  of  the  composition  char¬ 
acterized  by  point  D".  We  also  mark  the  melting  points  C  and  F  of  the 
components  A  and  B  on  the  diagram.  When  the  system  has  been  cooled  to 
the  tonperature  t^,  which  Is  lower  than  the  melting  point  of  B  (dia¬ 
gram  IV),  the  points  and  B^  will  lie  below  the  temperature  t^. 

Let  us  pass  tangents  to  the  curve  from  these  points.  The  points  of 
tangency  0  and  H  give  the  compositions  of  solutions  that  are  In  equi¬ 
librium  at  the  temperature  t^  with  the  respective  solid  components  A 
and  B.  As  before,  we  use  diagram  IV  to  obtain  points  O'  and  H*  on 
the  diagram  of  state. 

A  further  decrease  in  the  system's  temperature  is  accompanied  by 
a  shift  of  points  Q  and  H  toward  one  another  and,  finally,  the  two 
tangents  merge  Into  a  single  straight  line  at  the  eutectic  temperature 
t^  (diagram  V);  here,  both  solid  components  are  In  equilibrium  with 
the  same  solution,  the  composition  of  which  Is  expressed  by  point  E. 
Transferring  this  point  to  the  diagram  of  state  gives  the  eutectic  E' . 

Cooling  of  the  system  to  temperatures  below  t^  results  In  diagram 
VI.  Here,  mechanical  mixtures  of  the  solid  components  A  and  B  are  In 
steady-state  equilibrium:  the  specific  thermodynamic  potential  of  such 
mixtures  Is  lower  than  that  of  mlxtvtres  of  solid  A  and  B  with  the 
solutions  in  equilibrium  with  them  (the  latter  equilibria  are  unstable 
under  the  given  conditions). 

Connecting  the  points  obtained  In  this  way  on  the  diagram  of  state, 
we  obtain  the  curves  FH'E'  and  CD’Q'E'  for  the  Inltlal-recrystalllza- 
tlon  temperatures,  which  correspond  to  separation  of  the  respective 
components  B  and  A  into  the  solid  phase. 

Condensed- state  diagrams  of  other  types  of  systems  can  be  derived 
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In  th0  MM  way.  Hera,  Juat  as  in  the  construction  of  the  dia^aa  of 
state  froa  the  cooling-heating  curve,  each  point  is  constructed  froa 
experlamtal  data. 

Until  coaparatlvely  recently,  this  principle  waa  the  only  one 
for  constructing  diagrams  of  state.  Only  certain  general  thermo¬ 
dynamic  premises  were  drawn  upon  in  constructing  them,  as  was  done 
above. 

However,  an  equilibrium  diagram  can  be  constructed  by  thermo¬ 
dynamic  Mthods  exclusively  and  analytical  e:q>re8slons  obtained  for 
the  curves,  (or  surfaces)  s^arating  the  existence  regions  of  mixtures 
of  the  different  phases,  as  well  as  the  curves  e^qpresslng  the  mutual 
solubility  of  the  syston  components.  The  form  of  these  analytical 
expressions  and  the  shape  of  the  curves  (or  surfaces)  corresponding 
to  them  are  determined  by  the  potential  energy  of  the  system,  which 
depends  on  physical  factors.  Here,  the  diagrams  of  real  systems 
usually  differ  essentially  fron  those  of  ideal  systems;  this  is  con¬ 
sistent  with  the  differences  in  the  properties  of  different  systems. 

The  Idealness  criteria  are  different  for  different  types  of 
phase  equilibrium,  e.g.,  for  eutectic- type  systems  and  systems  with 
continuous  solid  solutions  [174,  173]* 

A  liquid  solutlcxi  is  said  to  be  ideal  when  reciprocal  Substitu¬ 
tion  of  molecules  of  the  components  forming  it  does  not  affect  the 
molecular  force  field.  An  Important  conclusion  e^ressed  for  the 
first  time  in  1890  by  Schroeder,  the  founder  of  the  theory  of  ideal 
solutions  [176],  proceeds  from  this  property:  "When  a  solution  is 
subject  to  Raoul's  law  in  a  definite  temperature  regicm,  the  heat 
of  8oli;^ion  of  the  solid  is  equal  to  its  heat  of  fusion." 

SakSmg  the  temperature  Interval  between  the  melting  points  of 
the  cmpaaexxta  and  the  eutectic  point  of  the  system  as  the  boimdarles 
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of  the  "definite  tenf>erature  region,"  we  nay  extend  Schroeder'a  prop, 
oeltlon  to  the  entire  field  of  phase  equilibria  between  liquids  (owlts) 
and  crystals  in  the  condensed  system. 

According  to  Schroeder's  equation  [176],  the  molar  concentration 
X  (of  saturation)  of  the  component  in  the  solution  of  such  an  Ideal 
system  at  a  temperature  depends  only  on  the  melting  point  T  and 
molar  heat  of  fusion  Q  of  this  component: 

where  R  Is  the  gas  constant  and  T  and  are  absolute  tenperatures . 

Obviously,  the  shape  of  the  T:ln  x  or  T:x  curves  described  by 
this  equation  Is  determined  by  the  value  of  the  fusion  entropy  of  the 
component  In  question,  S  >  Q/T. 

Given  Identical  melting  points  of  the  components,  the  eutectic 
temperature  will  be  lower,  and  the  descent  of  the  llquldus  curves  will 
be  steeper  the  smaller  the  entropy  (It  will  be  recalled  that  the 
average  fuslon-entropy  values  of  the  majority  of  elements  S  ■  2-3* 
those  for  Inorganic  compounds  S  >>  3-7>  and  those  for  organic  com. 
pounds  S  >  9-12). 

Solving  eqviatlons  of  type  (36)  simultaneously,  Kravchenko  [177] 

proposed  the  following  equation  for  computing  the  composition  of  the 

two-component  eutectic  mixture  of  an  Ideal  system: 

;c,+  oxf-l-0,  (57) 

where  a— the  veQues  of  x,  Q,  and  T  are  the  same 

ft 

as  In  Eq.  (56),  and  the  subscripts  1  and  2  denote  quantities  refer, 
ring  to  the  first  and  second  components,  respectively. 

Many  qualitative  laws  of  Ideal  condensed  systems,  and  Eqs.  (56), 
(57)  in  particular,  are  found  to  be  Invalid  for  real  systems  In  t)w 
overwhelming  majority  of  cases.  Knowledge  of  such  relationships  is. 


-  126 


however,  as  correctly  noted  by  Kravchenko  [173]*  also  necessary  for 
practical  purposes.  Just  as  knowledge  of  the  ideal  gas  laws  is  neces¬ 
sary  in  dealing  with  real  gases.  In  real  systems,  intermolecular  forces 
are  in  operi^tion,  and  these  determine  the  shiqpe  of  the  curves  (or 
surfaces)  of  the  diagrams  of  state. 

Numerous  atteoqpts  to  compute  diagrams  of  state  to  take  the  ac¬ 
tion  of  these  forces  into  account  have  been  reported.  One  of  the 
many  fcrms  of  equilibrium  was  examined  by  Becker.  Becker  [178,  1791 
showed  that  the  decay  curve  of  a  binary  solid  solution  may,  when  the 
decay  takes  place  without  lattice  modifications  (lattices  of  both 
c<»q;>onents  identical),  be  eoqpressed  by  the  equation 

kT  ^  i-gjt  (58) 

M 

Where  z  is  the  coordination  number,  x  is  the  concentration,  and  TJ 
is  the  so-called  displacement  energy  (see  below). 

In  being  the  first  to  adopt  a  consistent  standpoint  in  theoretical 
investigation  of  the  vcu^ious  phase  transformations  that  take  place 
with  heat  effects.  Pines  [180,  18I]  demonstrated  the  dependence  of 
the  diagrams  of  state  on  the  nature  of  the  Intermolecular  bonds  and 
derived  approximate  equations  for  the  equilibrium  curves  of  a  nvimber 
of  simple  binary  systems.  Here,  like  Becker,  Pines  did  not  take  Into 
account  the  dependence  of  bonding  energy  on  concentration,  and  assximed 
that  the  solutions  mix  without  undergoing  changes  In  volume.  The  con¬ 
ditions  formulated  by  Pines  do  not  exhaust  all  possible  cases  In 
which  various  diagrams  of  state  originate.  Moreover,  in  his  analysis 
of  the  eutectic  and  p«:>ltectlc  diagrams  of  state.  Pines  Identified 
the  triple  point  with  the  critical  point  in  decay  (stratification)  of 
the  solid  solution. 

Subsequently,  a  more  extensive  and  rigorous  investigation  of  the 
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Influttne*  of  intemolecular  Interaction  between  the  eoaponente  on 
phase  equilibrium  in  binary  system  was  eazried  out  in  the  work  of 

Danilov  and  Kamenetskaya  [l8a-l84]. 

'nv/'  ‘  ' 

liecently«  as  a  result  of  the  studies  of  the  above  Investigators 
and  ^hose  of  Livshits,  Stepanov,  storonkln,  Plnkel ' shteyn,  and  other 
authors,  it  has  become  possible  in  many  eases  to  make  rather  ac¬ 
curate  quantitative  calculations  of  the  diagrams  of  state  of  real 
systems. 

The  type  of  the  diagram  of  state  and  its  charaeterleble  are 
deteimlned  in  general  by  the  magnitude  of  the  bonding  energies 'between 
like  and  unlike  molecules  in  the  coexisting  phases  of  the  system.  \ 
This  energy  may  be  regarded  as  the  work  required  to  break  the  bonds 
between  the  corresponding  molecules,  taken  with  the  minus  sign.* 

Let  Uqq,  and  express  the  respective  bonding  energies 
between  the  different  molecule  pairs  formed  by  components  A  and  B. 

Then  the  total  bonding  energy  will  be  equal  to  the  sum  of  the  bonding 
energies  of  all  molecular  pairs  of  the  types  AA,  BB,  and  AB  formed 
by  the  components: 

+  (59) 

where  N  is  the  total  number  of  molecules  in  the  mixture,  x  is  the 
fraction  of  component- A  molecules,  and  U  are  the  energies  attribut¬ 
able  to  one  molecule  of  the  corresponding  component  and  U  is  the  dis¬ 
placement  energy,  which  represents  the  diff  rence  between  the  bond¬ 
ing  energies  of  like  and  unlike  molecules  (or,  in  the  case  of  simple 
substances,  atoms):  U  -  "ab  -  <'’aa  + 

It  is  obvious  that  U  «  0  when  the  bonding  energy  between  unlike 
molecules  is  equal  to  the  arithmetic-mean  bonding  energy  between  like 
moljseules  (or  atoms);  U  >  0  wh«a  the  bond  between  like  molecules  is 
stronger  than  that  between  unlike  molecules  and  IT  <  0  when  the  bond 


-  12B 


between  unlike  molecules  Is  ^^.ronger  than  that  between  like  molecules. 

If  we  characterize  the  tendency  of  imllke  molecules  or  atoms  to 
combine  In  this  manner  (the  smaller  U,  the  stronger  will  be  this 
tendency),  the  value  of  U  Is  extremely  Important  In  detomliHYig  the 
nature  of  the  diagram  of  state. 

Let  U'  and  u"  be  the  "displacement  energies"  In  the  solid  and 
liquid  phases,  respectively. 

If  In  the  temperature  interval  under  consideration,  the  piu'e  eoim> 
ponenta  do  not  iindergo  any  transformations  and  U'  «  U"  >  0,  l.e..  If 
like  molecules  are  bonded  more  strongly  than  unlike  molecules,  the  ■ 
solid  solution  decays. 

If  U'  -  U"  -  0,  l.e..  If  the  bonds  between  like  and  unlike  mole¬ 
cules  (atoms)  are  the  same  In  both  phases  and  a  phase  transformation 
accompanied  by  a  heat  effect  (e.g.,  fusion)  takes  place  In  the  pure 
components,  we  obtain  a  "cigar-type"  diagram  for  the  solid  solution 
(see  Fig.  30). 

If  U*  /  U"  and  a  phase  transformation  takes  place  In  the  tempera¬ 
ture  range  imder  consideration,  but  there  Is  no  stratification  or  de¬ 
cay,  the  equilibrium  curves  have  a  common  point  (maximum  or  minimum) . 
Here,  In  cases  where  U*  >  U",  l.e.,  when  the  tendency  of  unlike  atoms 
to  combine  Is  more  distinct  In  the  solid  solution  than  In  the  liquid 
solution,  we  obtain  a  diagram  with  a  maximum,  while  a  minimum  appears 
In  the  contrary  case. 

If  U'  «  U"  and  >  Tq,  crystallization  takes  place  at  constant 
temperature. 

Suppose  there  Is  no  solubility  In  the  solid  phase.  Ihls  occurs 
at  very  large  values  of  the  displacement  energy  U”  In  the  second 
(solid)  phase.  This  gives  the  following  equation  for  the  'left  part 
of  the  llcjuldus  for  y  »  0  (pure  component  A  in  the  solid  phase): 


'  t 


r 


jf»i;'+if4(r»-D+*nn(i-x)-o  (6o) 

and  for  y  >  1  (pure  eooponmt  B  In  the  solid  phase),  the  following 
equation  for  the  right  part  of  the  llquldusx 

(i~jc*)t/'+*^*(rj-7)+*riDjf-a .  (6i) 

where  k  is  Boltzmann's  constant  and  and  are  the  differences 
between  the  entropies  of  phases  I  and  II  at  the  phase-transition 
point  for  the  eozvespondlng  eoeq)onents,  referred  to  one  sioleeule 
(atom)  of  the  nlxtiiret 

(62) 


_  ^4-^4 


The  right  and  left  parts  of  the  curve  Intersect  at  the  eutectic  point, 
the  coordinates  of  which  are  x.  and  T..  At  U'  •  0,  these  equations 
become  Schroeder's  equations  for  "Ideal"  solutions: 


and 


mo -X)— -  y) 


(63) 


(64) 


where  Q,^  ■  ^  »  Rq^T^  are  the  heats  of  fusion  of  the  corre¬ 

sponding  components. 

Thus,  the  terms  x^'  and  (1  —  x®)U'  of 
Bqs.  (60)  and  (6l)  characterize  the  devia¬ 
tion  of  the  solution  from  the  Ideal.  Figure 
32  gives  a  schematic  representation  of  the 
Influence  of  U'  on  the  direction  taken  by  the 
solubility  curves:  with  U'  >  0,  the  curve 
lies  above  that  for  U*  «  0,  while  with 
U*  <  0,  Its  lies  below  It. 


Fig.  32.  Relative 
positions  of  solu¬ 
bility  curves  for 
different  values  of 
"displacement  energy." 


This  means  that  If  the  bonding  between  like  molecules  (atoms)  Is 
stronger  than  tiiat  between  unlike  components,  crystallization  of  the 
solid  solvent  begins  earlier  as  the  solution  cools,  l.e.,  at  a  higher 
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tenqperature  (in  reality,  the  bonding  of  unlike  molecules  Is  frequently 
stronger  than  that  of  like  molecules). 

Thus,  the  type  of  diagram  of  state  Is  determined  by  the  sign 
and  Mlatlve  magnitude  of  the  displacement  energies  of  the  two  phases, 
and,  in  some  cases,  by  the  relative  amount  by  which  the  melting  point 
of  component  A  exceeds  that  of  component  B. 

The  above  considerations  and  formulas,  and  the  system  of  equa¬ 
tions  (60),  (6l)  In  particular,  enable  us  to  determine  the  concentra- 
tlons  of  the  coexisting  (equilibrium)  phases  In  the  simplest  binary 
systems  for  each  tenq>erat\ire  and  thus  to  characterize  their  equilibrium 
diagrams  with  the  aid  of  a  few  constants  related  to  the  Intermolecular 
Interaction  (T^,  Tg,  U',  U",  and  £)  that  have  simple  physical  sig¬ 
nificance,  some  of  which  (T^,  Tg)  are  generally  known,  while  others 
(TJ‘,  U",  and  3,)  are  easy  to  determine. 

If,  for  example,  experimental  values  of  x.  and  T.  are  known.  It 
Is  easy  to  determine  the  value  of  the  displacement  energy  U. 

Further,  knowing  and  qg,  we  may  use  Eqs.  (60)  and  (61)  to 
compute  both  branches  of  the  llquldus  ciirve. 

Thus,  determination  of  the  phase-diagram  curves  reduces  to  find¬ 
ing  a  few  constants.  B^qperlmental  Investigations  naturally  form  the 
validity  criteria  for  such  calculations.  Such  investigations  have  been 
carried  out  by  Danilov  and  Kamenetskaya,  Pines,  and  Oeguzln,  and  cer¬ 
tain  other  authors . 

Danilov  and  Kamenetskaya  [iSS]  obtained  satisfactory  agreement 
between  the  results  of  calculation  and  experiment  for  four  binary 
systems  possessing  a  eutectic  point  with  total  Insolubility  In  the 
solid  phases. 

Pines  and  Oeguzln  [183]  made  a  comparison  of  the  calculated  and 
experimental  data  for  twenty  binary  systems  with  three  different  types 
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of  equilibrium  dlegrams  (1  ~  "cigar,"  2  -  with  an  equal- concentration 
point  and  3  ~  with  a  eutectic  point)  and  also  obtained  satisfactory 
agreement  between  the  two  types  of  data. 

In  another  report  [l86),  these  same  authors  used  the  relation¬ 
ship  found  by  Pines  between  the  displacement  energy  and  the  lieats 
of  formation  of  the  alloys  and  the  heat  capacity  in  the  stratifica¬ 
tion  region  to  determine  the  first-mentioned  quantity.  Investigation 
of  five  binary  metallic  systems  produced  satisfactory  first- approxi¬ 
mation  agreement  between  the  calculated  data,  which  were  constructed 
on  the  basis  of  thermal  measurements,  and  the  result  of  direct  experl- 
moital  determination  of  the  equilibrium  diagrams. 

The  possibility  of  approximate  calculation  of  the  diagrams  does 
not,  of  course,  make  It  possible  to  dispense  completely  with  experi¬ 
mental  determinations,  but  it  may  simplify  the  problem  of  the  experi¬ 
menter  considerably  and.  In  any  event,  make  it  possible  to  fix  quan¬ 
titative  differences  between  diagrams  of  the  same  type  and  different 
types  In  simple  form. 

Determination  of  the  displacement  energies  in  different  phases  may 
be  of  Interest  in  ascertaining  changes  in  the  nature  of  the  atcxnic 
Interaction  In  different  systems  on  passage  from  the  liquid  phase  Into 
one  of  the  solid  phases  or  when  certain  atoms  are  replaced  by  others 
In  the  system.  Information  obtained  In  this  way  may.  In  general,  be 
found  useful  for  many  purposes,  and  for  development  of  a  quantum- 
mechanical  theory  of  alloys  in  particular. 

In  a  number  of  cases,  the  results  of  the  type  of  calculations 
described  above  may,  however,  depart  from  reality.  Here  we  have  In 
mind  the  fact  that  some  of  the  studies  described  above  (those  of  Pines) 
do  not  ttdce  Into  consideration  the  dependence  of  bonding  energy  on  the 
distance  between  particles,  which  Is  a  function  of  the  concentration 
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of  the  solution,  and  assume  tbat  the  solutions  mix  without  undergoing 
any  volvune  changes.  Proceeding  in  general  from  the  same  approxinatlon, 
the  authors  of  other  studies  (Danilov  and  Kamenetskaya)  take  Into 
account  only  the  difference  In  the  entropy  Jump  that  occurs  on  fusion 
of  the  conponents.  In  all  of  the  studies  cited,  the  Internal  energy 
of  the  system  and  its  entropy  are  computed  on  the  assvmptlon  of  per¬ 
fect  mixing  of  the  two  species  of  atoms,  l.e.,  assuming  that  the  inter¬ 
action  between  atoms  exerts  no  influence  on  their  positioning  at  the 
points  of  the  crystal  lattice.  This  corresponds  to  the  approximation 
In  the  theory  of  regular  solutions  usually  associated  with  the  name 
of  Hildebrand. 

In  reality,  the  residence  of  two  atoms  at  ajacent  points  of  the 
lattice  does  not  represent  two  statistically  Independent  events,  as 
Is  the  case  In  the  approximation  of  regular- solution  theory.  As  a  re¬ 
sult,  the  thermodynamic  considerations  and  formulas  set  forth  above 
are  capable  of  providing  an  adequate  description  of  the  liquid  solu¬ 
tion's  behavior  only  at  moderately  high  displacement- energy  values. 

The  experimental  stratification  curves  of  liquids  come  close  to 
the  theoretical  In  a  region  of  temperatures  that  does  not  extend  too 
far  from  the  critical  temperature.  VHien  the  temperature  Is  sharply 
depressed,  the  difference  between  the  expeidmental  and  theoretical 
curves  testifies  to  the  Inadequacy  of  the  approximation  described  above. 

Calculation  of  the  free  energy  of  a  binary  system  In  subsequent 
approximations  taking  into  account  the  Influence  exez*ted  by  atcmile  Inter¬ 
action  on  the  positions  of  the  atoms  In  the  crystal  lattice  Is  a  matter 
that  presents  essential  difficulties.  Flnkel'shteyn  [187]  recently 
showed  that  this  Influence  Is  manifested  In  a  decrease  In  entropy  and 
Internal  system  energy  irrespective  of  the  sign  of  the  displacement 
energy;  here,  the  free  energy  of  the  system  (e.g.,  alloy)  Is  reduced 


In  the  final  analysis.  Livshits  [l88]  succeeded  at  one  point  in  ob« 
talnlng  an  approximate  expression  for  AP  that  was  valid  under  certain 
limited  conditions.  Using  his  derivations  as  a  point  of  departure,  we 
may  [I87]  obtain  refined  e^qpresslons  for  the  so-called  activity  coef¬ 
ficients,  which  enable  us  to  characterize  the  thermodynamic  behavior 
of  the  system.  However,  exhaustive  quantitative  calculation  of  the 
equilibrium  diagrams  by  mearis  of  these  coefficients  is  limited  by  the 
fact  that  Livshits'  reasoning  is  Inapplicable  in  the  low-temperature 
region.  This  explains  the  Importance  of  adequately  precise  e^erlmental 
determination  of  the  activity  coefficients  for  the  system  components. 
Determination  of  these  coefficients  from  vapor  pressures  measured  with 
tagged  atoms  offers  great  promise  in  this  respect. 

Obviously,  further  development  of 
heterogeneous- equilibrium  theory  and, 
in  particular,  elimination  of  the  above 
restrictions  on  its  theoretical  cal¬ 
culation,  combined  with  Inprovement 
of  methods  for  determining  it  ejqperl- 
mentally,  should  provide  researchers 
with  a  simple  and  highly  effective  tool 
for  the  study  of  processes  taking  place 
in  mixtures  of  crystalline  solids. 

At  the  present  time,  equilibrium  diagrams  are  being  used  to  study 
and  compute  crystallization  processes,  primarily  the  sequence  in  which 
the  crystalline  phases  are  liberated  and  the  changes  in  the  properties 
of  the  liquid  phase  on  cooling  and  heating.  Using  such  diagrams,  it  is 
easy  to  ascertain  not  only  the  tenqperature  at  which  the  liquid  phase 
appears,  but  also  the  quantity  of  it  at  different  temperatures;  this 
'is  highly  Important  for  analysis  of  processes  taking  place  in  mixtures 
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Pig*  33.  Diagram  of  state  of 
two- component  system  with 
simple  eutectic  (illustrating 
lever  rule). 


of  cz7Stallln«  solids. 

Ih«  ecutneb ling. line  and  lever  rules  are  used  for  this  purpose. 

As  It  applies  to  binary  systems,  the  connectlng.llne  rule  runs 
as  f 01,101181  If  a  system  splits  Into  two  coiqplexes  at  a  certain  teiqpera. 
ture,  the  points  corresponding  to  the  composition  of  the  system  and 
those  of  these  complexes  should  all  lie  on  the  same  straight  line. 

According  to  the  lever  rule,  the  ratio  of  the  quantities  of  the 
component  complexes  should  thon  be  eq^al  to  the  reciprocal  of  the 
ratio  between  the  lengths  of  the  segments  from  the  point  corresponding 
to  the  system  composition  to  the  points  corresponding  to  the  componmt 
complexes.  The  lever  rule  proceeds  from  the  following  considerations 
(Pig.  33). 

Suppose  that  at  a  temperature  a  system  of  general  conqposltlon 
D  consists  of  crystals  of  con^onent  A  and  a  liquid  phase  of  component 
F.  If  the  amount  of  A  crystals  per  vinlt  weight  of  the  system  Is  x, 
the  weight  of  the  remaining  liquid  phase  at  the  temperature  will 
be  1  —  X. 

The  quantity  of  component  B  In  the  system  I'AD  Is  equal  to  the 
quantity  of  It  In  the  residual  llqxild  phase: 

(65) 

from  which 

X  ^A/^—AD  (66) 

and 

(67) 

Solving  Eqs.  (66)  aixl  (67)  simultaneously,  we  obtain  a  mathe. 
matlcal  formulation  of  the  lever  rule  that  expresses  the  ratio  of  the 
quantity  of  liquid  phase  to  the  quantity  of  crystals  at  the  selected 


In  Reference  [l89]«  which  was  devoted  to  a  generalized  "centerw 
of-gravity”  rule  similar  to  the  phase  rule  described  above  for  two- 
phased  systems,  Palatnik  extended  the  considerations  developed  for 
heterogeneous  systems  to  the  case  of  n-con^onent,  r-phased  systems. 
For  r  <  n,  the  mathematical  formulation  of  the  generalized  "center-of- 
gravlty”  rule  takes  the  form 


■*“■••‘*1, 

■'»«••••*».  J+1 

y-|  ...x„ 

/ 


y-i.  2. 


.r. 


(69) 


where  M  is  the  total  mass  of  the  entire  heterogeneous  system,  m^  is 
the  mass  of  its  phase,  and  and  are  the  respective  con¬ 
centrations  of  the  1^^  component  in  the  entire  heterogeneous  system 
and  in  its  phase. 

Formula  (69)  enables  us  to  give  the  quantitative  characterization 
of  multicomponent  heterogeneous  systems  that  is  of  importance  in  solu¬ 
tion  of  many  problems.  For  the  case  of  monovariant,  n-component,  r- 
phased  systems  with  r  =  n  +  1,  the  relationships  of  the  generalized 
"center-of-gravlty"  rule  assume  the  following  form  [I89,  190]: 

*/w,  I j  «  A, » A, : (7O) 


Where 


•^11^12  ••• 

••• 

••• 

JTii  JC|,  /—I  ^1# 

Xji  Xj,  X2£X}^  •••  Xfg 


(71) 


(72) 


.th 


|X|il*..X|v,  f^iXgiXm,  ^+I  •••  X^  I 

6mj  is  a  finite  Increment  in  the  mass  of  the  j''“  phase  participating 
in  the  monovariant  process  and  6m^  is  the  finite  increment  in  the  mass 
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of  the  (n  4-  phase  (liquid  phase)  with  respect  to  which  we  are 
deteminlng  the  congruence  or  Incongruence  of  the  transfomatlons 
taking  place  In  the  syaten  In  question. 

Ihe  relationships  (70)  of  the  generalized  "center- of-gravlty* 
rule  enable  us  to  detemlne  the  congruence  or  Incongruence  of  the 
process  taking  place  In  the  corresponding  monovarlant,  n-conponent, 
r-phased  system  and  to  predict  a  possible  outcome  for  It  [190]. 

She  use  of  a  topoanalytlcal  method  based  on  the  generalized 
"eenter*of-gravlty"  rule  opens  possibilities  for  further  Investigation 
of  multlconponent  heterogeneous  systems  and  study  and  construction  of 
their  diagrams  [191-193]* 

On  the  basis  of  this  rule,  Palatnlk  and  Landau  proposed,  among 
other  things,  a  method  for  determining  the  phase  composition  of  n- 
conponent,  r^phased  systems  with  r«n,  n-i-l,  n-i-2  without  Isolation 
and  chemical  analysis  of  these  phases  [191]*  Use  of  the  method  pre¬ 
supposes  only  knowledge  of  the  masses  m^,  m^,  ...  m^  of  the  phases 
In  question  as  obtained  by  r  Independent  esqperlments  with  fixed  pres¬ 
sure  F  and  temperature  T  and  various  over- all  component  compositions 
over  the  entire  corresponding  heterogeneous  system.  As  a  result,  the 
unknown  concentrations  of  the  phases  In  the  system  In  question  are 
detezmlned  by  the  following  formula: 


x^ 


M. 


.  - - I 


(73) 


where  Is  the  concentration  of  the  1^^  component  throughout  the 
system  under  consideration  In  the  experiment  and  m^^^ 
of  the  phase  as  determined  In  the  experiment. 


Is  the  mass 


Coniblnlng  the  geometrical  and  analytical  methoda  ol*  investigating 
multicomponent  systems  In  their  work,  and  developing  a  generalized 
"eenter-of-gravlty"  rule«  the  above  investigators  went  further  and 
derived  a  rule  of  bordering  regions  of  state  (of  the  boundaries  be¬ 
tween  regions  of  coexisting  phases);  this  was  formulated  In  the  follow¬ 
ing  form  [192]: 

Rt^R-D--D^>0.  (74) 

Here,  R  Is  the  dimension  of  the  equilibrium  diagram  itself  or  of  Its 
regulau?  section,  Is  that  of  the  boundary  between  two  adjacent  re¬ 
gions  of  state  on  the  equilibrium  diagram  In  question  or  on  Its  regular 
section,  and  VT  and  D"*"  are  the  respective  numbers  of  phases  that 
vanish  and  reappear  on  transition  of  the  system's  figurative  point 
through  the  boundary  under  consideration,  from  one  region  of  state 
Into  the  other.  The  rule  of  bordering  regions  of  state  Is  valid  for 
all  equilibrium  diagrams  of  multicomponent  systems  and  for  their 
regular  sections  (provided  that  degeneration  of  the  corresponding  re¬ 
gions  of  state  Is  eliminated) .  This  rule  may  serve  as  a  criterion  for 
topological  analysis  of  the  equilibrium  diagrams  of  multicomponent 
heterogeneous  systems  and  for  ascertaining  their  geometrical  struc¬ 
ture,  and  also  to  a  certain  extent  as  an  auxiliary  In  Interpreting 
experimentally  obtained  equilibrium  diagrams  of  real  multlcong;>onent 
systems . 

The  use  of  this  rule  to  solve  such  problems  as  those  of  ascertain¬ 
ing  qualitative  relationships  governing  the  geometrical  structure  of 
the  equilibrium  diagrams  of  multicomponent  heterogeneous  syst^s  and 
their  regular  and  nonregular  sections,  determining  the  rules  for  place¬ 
ment  of  the  phases  In  the  regions  of  state  on  these  diagrams,  etc..  Is 
highly  effective,  as  will  be  seen  from  the  r^xurts  of  Falatnlk  and 
Landau  [191,  1931. 


-  138  - 


The  results  described  In  the  work  of  Palstnlk  and  Landau,  as  well 
as  the  generalized  formulations  of  the  Olbbs  phase  rule  and  inequality 
(r  ^  n  -I-  2)  that  they  proposed  and  the  generalized  eonoq>tlon  of 
nonvariant  and  monovarlant  states  of  thermodynamic  systems  that  they 
Introduced  (1931  are  all  of  great  theoretical  Interest;  they  also 
considerably  facilitate  experimental  Investigation  of  multieo>q>onent 
hetergeneous  systems,  trill ch  Is  necessary  for  understanding  of  many 
conplex  processes  that  compose  or  accompany  reactions  In  mixtures  of 
crystalline  solids. 

$4.  SUBLIMATION 

Sublimation  or  evaporation  of  a  crystal  represents  the  total 
dismemberment  of  Its  lattice  Into  Its  component  elements  as  a  result 
of  the  energy  of  thermal  agitation.  As  we  know,  atomic  and  metallic 
crystals  usually  form  monatomic  vapor,  Ionic  crystals  produce  mole> 
cules  of  the  Ionic  type  In  the  vapor,  and  molecular  lattices  evaporate 
In  the  fora  of  moleculeB. 

The  mechanism  of  the  evaporation  process  of  a  crystalline  solid 
reduces  to  certain  atc»ns  of  the  superficial  layer  being  torn  away  from 
their  neighbors  and  carried  away  Into  the  surrounding  space.  The 
possibility  and  even  the  Inevitability  of  such  dlslodgement  proceeds 
from  the  general  principles  of  statistical  mechanics,  and  In  particular 
from  the  Maxwellleui  velocity-distribution  law,  which  is  valid  for 
solids  at  high  tenperatures  [194].  If  the  velocity  conponent  of  scmie 
surface  atom  In  the  direction  perpendicular  to  the  surface  of  the 
crystalline  solid  Is  directed  outward  and  Is  sufficiently  large,  then 
the  forces  attracting  this  atom  to  other  atoms  of  the  substance  are 
unable  to  hold  It  to  the  surface  and  It  flies  off  Into-  the  surrounding 
space. 

The  probability  that  an  atom  will  be  dislodged  In  this  manner  and 
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pig.  3^.  Vapor  pressm-es  of  certain 
oxides  as  as  functions  of  temperature. 

1)  OB  Hg. 


removed  Into  the  gaseous  phase  Is  a  function  of  the 
frequency  and  amplitude  of  Its  vibrations  and,  as 
a  result,  naturally  depends  on  the  temperature  of 
the  body.  The  vapor  pressure  of  the  body  Increases 
sharply  as  its  temperature  rises  (Fig.  3^).  To 
one  degree  or  another,  however,  vaporization  (sub> 
llmatlon)  of  crystals  takes  place  under  any  tenpera- 
ture  conditions . 

At  any  given  tenperature,  different  atoms  on  the  surface  of  a 
crystal  are  dislodged  from  It  at  different  times.*  The  reason  for 
this  becomes  obvious  when  we  consider  the  process  by  which  an  Ideal 
crystal  evaporates,  using  an  elementary  model  of  this  crystal.  The 
model  that  we  shall  use  for  this  purpose  (Fig.  33)  has  a  slnple  cubic 
lattice  (the  atoms  are  represented  In  the  form  of  cubes  In  the  figure) . 

The  energy  (strength)  of  the  bonds  between  vai’lous  atoms  of  the 
crystal  depends,  as  we  know,  on  their  positions.  If  we  consider  only 
the  Interaction  of  each  atom  with  Its  nearest  neighbors  and  denote 
by  U  the  energy  of  Interaction  with  each  of  them,  then  with  a  coor¬ 
dination  mmiieT  of  6  the  bonding  energy  of  em  atom  In  the  Interior  of 
the  ca^Btal  wUl  obviously  be  6tj.  The  energy  of  atom  xxx  (Fig.  35), 


Fig.  35.  Posi¬ 
tions  of  various 
atoms  in  crystal 
with  cubic  lat¬ 
tice. 


-  140  - 


which  l8  at  the  baee.  Is  3U,  while  that  of  xx  on  the  edge  Is  4u,  that 
of  atom  X  on  an  edge  that  has  lost  some  of  Its  atmns  is  the  same  as 
that  of  atom  +,  which  is  situated  at  a  comer  of  the  cube  (3U)»-  that 
of  the  last  atom  o  left  after  evaporation  of  a  row  is  20  and,  finally, 
that  of  a  single  atom  situated  at  the  face  (not  shown  on  Pig.  35) >  1> 

U.  In  the  evaporation  (sublimation)  process  of  a  cubic  crystal,  the 
•f  atoms,  which  are  more  weakly  bound  to  the  crystal  than  the  others, 
will  be  dislodged  first  from  their  positions  at  the  corners  of  cubes. 
Then  the  x  atoms  in  the  row  that  has  been  affected  by  evaporation, 

%diieh  possess  the  same  bonding  energy  3U,  will  go  into  the  gaseous 
phase.  When  all  atcms  of  the  row  have  evaporated,  a  "pause"  inter¬ 
venes  and  continues  \intil  the  end  atom  in  the  next  row  is  tom  from 
the  crystal,  and  so  forth. 

The  vaporization  process  of  a  real  crystal  will  obviously  differ 
from  the  process  described  above  due  to  the  distortions  of  its  struc¬ 
ture. 

Proceeding  from  the  fact  that  the  siA>llmation  products  are  the 
same  particles  (e.g.,  atoms)  that  make  up  the  initial  crystalline  solid 
it  may  be  assumed  that  the  heat  of  sublimation  e;q>resses  the  difference 
—  averaged  over  the  entire  volume  of  the  solids  —  between  the  energy  • 
of  the  crystal  and  the  energy  of  Isolated  structural  elements,  e.g., 
the  atoms  of  its  lattice,  or,  in  other  words,  the  averaged  bonding 
energy  of  the  solid's  structural  elements. 

However,  the  concepts  of  avereiged  bonding  energy  as  expressed  by 
the  heat  of  sublimation,  and  the  actual  bond  strength  (that  of  the 
interatomie  bonds  in  particular)  are  not  identical.  A  solid's  heat 
of  sublimation  may  not  correspond  to  the  true  strength  of  its  inter¬ 
atomic  bonds,  which  is  anisotropic  in  nature  and  different  at  various 
points  in  the  solid. 


Like  the  heat  of  evaporation  of  liquids,  the  heat  of  suhllinatlon 
of  crystals  diminishes  with  increasing  temper  at  tire.  At  the  melting 
point,  the  heat  of  sublimation  of  crystals  is  naturally  larger  than 
the  heat  of  evaporation  of  liquids  by  an  amount  equal  to  the  heat  of 
fusion. 

Let  us  devote  brief  consideration  to  the  kinetics  of  the  sub¬ 
limation  process.* 

The  rate  of  evaporation  or  subiiiiiatlon  of  a  spherical  particle 
without  restriction  as  regards  influx  of  heat  may  be  (see  [196,  1971) 
expressed  by  the  equation 

f/  =  4.rZ)in^*.  (75) 

where  r  is  the  particle  radius,  D  is  the  coefficient  of  diffusion, 

P  Is  the  total  gas  pressure  above  the  particle,  Pq  Is  the  partial 
vapor  pressure  of  the  particle  substance  at  a  certain  distance  from 
Its  surface,  and  P^^  is  the  saturation  vapor  pressure  of  this  sub¬ 
stance  at  the  vaporization  temperature  (pressure  at  surface  of  evapora¬ 
tion)  . 

If  the  process  takes  place  at  constant  temperature  and  pressure, 
all  terms  of  Eq.  (75)  except  the  radius  r  and  the  pressure  P^  will 
be  constant.  Expressing  the  quantity  of  evaporated  material  0  In 
fractions  of  unity,  we  may  write  that 

r=^(i_0)T  (76) 

where  R  is  the  initial  radius  of  the  particle. 

The  saturation  vapor  pressure  of  a  spherical  particle  is,  as 
we  know,  a  function  of  Its  radius.  From  the  standpoint  of  the  mole¬ 
cular-kinetic  theory,  this  Is  accounted  for  by  the  Increase  In  the 
work  of  moving  a  molecule  from  the  condensed  phase  into  the  gaseous 
phase  as  the  radius  of  curvature  of  a  convex  Interface  increases. 
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This  relationship  proceeds  [3]  from  the  equation 


(77) 


where  Is  the  equilibrium  vapor  pressure  at  a  teaparature  T  above 

a  flat  surface  of  a  substance  of  molecular  weight  N  and  density  d, 

P^  Is  the  same  presstire  above  a  particle  of  this  substance  having  a 

radius  r,  Rg  is  the  gas  constant  and  a  Is  the  surface  tension. 

This  eqxxatlon  Is  equally  valid  for  vaporization  froai  the  surface 

of  a  liquid  droplet  [198]  and  for  sublimation  from  the  surface  of  a 

spherical  solid  particle  [199''201]. 

In  theory,  therefore,  as  the  radius  r  of  the  particle  decreases, 

the  pressure  P^^  of  the  vapor  above  its  surface  must  Increase.  Ihe 

practical  significance  of  this  Increase  in  P^  with  diminishing  r 

may  be  Inferred  from  the  following  data. 

The  dependence  of  P^^  on  r  is  perceptible  at  very  small  values  of 

r  (of  the  order  of  10*^  cm),  while  in  real  powder  mixtures  we  deal 

—2  — ^ 

with  radii  of  the  order  of  10  to  10  ^  cm. 

For  water  at  room  temperature  and  with  a  drop  radius  r 

2- 18-73 


0.1  mn. 


(here  c  =  73  dynes/cm  at  18®  and  R  »  8. 31*  10*^  ergs). 

o 

In  exactly  the  sanm  way,  we  find  that  with  r  eqtial  to  0.001  and 

0.0001  mm,  the  respective  ratios  P_:P-  are  1.001  and  1.01.  In  other 

"  "O  Jk  c 

words,  as  the  radius  of  the  water  droplets  changes  from  lOT^  to  lO*"^  cm, 
i.e.,  by  a  factor  of  10,  the  pressure  P^^  changes  by  approximately  1ft 
(see  also  [60]).  Thus,  the  change  in  Pj^  is  extJTemely  small  even  for 
a  large  change  In  r.  . 

Since  the  ratio  r:R  is  equal  or  proportional  to  the  cube  root  of. 
the  relative  amovmt  of  residual  (unevsqxxrated)  material,  we  find,  for 
example,  for  9835  sublimation  of  the  qd>erlcal  grain,  r  «  0.272R,  I.e., 
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th*  radius  changes  by  a  factor  of  less  than  four  as  coitpared  with  the 
original  value. 

To  supplement  the  above*  It  should  be  noted  that  In  Eq.  (73)* 
the  pressure  appears  In  a  fraction  after  the  natural  logarithm 
sysdbol. 

It  follows  from  the  above  that  for  ordinary  powder  mixtures*  the 
dependence  of  on  the  grain  radius  is  negligibly  small  In  the  over¬ 
whelming  majority  of  cases.  On  this  basis*  Eq.  (73)  may  be  rewritten 
is  follows  for  constant  teitperature  and  total  pressure: 

U^^=/(r)  =  K'r.  (78) 

where  0  is  the  quantity  of  evaporated  material*  or.  In  other  words* 
applying  Eq.  (76)*  In  the  form 


=  -  G)  . 


(79) 


The  rate  of  evaporation  or  sublimation  of  matter  frcsn  a  mass  of 
grains  of  Initial  radius  R  is  proportional  to  their  number  N  per  unit 
weight  of  this  mass: 


(80) 


where  0^  and  0  are  the  absolute  (for  example*  In  grams)  and  relative 
(In  fractions  of  vmlty)  quantities  of  the  evaporated  material*  re¬ 
spectively*  ~  Is  the  proportionality  sign  and 

Af-—-! — -ATfi-*, 

If  y  Is  the  apparent  specific  gravity  of  the  grain  (material). 

Finally*  the  rate  of  evaporation  or  sublimation  of  a  mass  of 
spherical  particles  Is 

^  ^o)^.  (81) 
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or,  aft«r  substituting  X*''R'^  -  K, 

I 

(81») 

Obviously,  AS  0-*0,  the  rate  of  sublimation  dO/dT*^X,  l.t., 
with  small  relative  quantities  of  evaporated  (sublimated)  matter,  the 
time  variation  of  the  eveq>oratlon  (sublimation)  rate  may  be  praetleall) 
unnotleeable. 

Integration  of  Eqs.  (^l)  and  (8la)  with  the  Initial  condltlcms 
0*0  and  t  >  0  Msults  In  the  respective  equatlcms 


F  (0)  =  1-0  -  O)"^- 

(82) 

(83) 

Equation  (82)  characterizes  the  relative  quantity  of  evaporated 
natter  as  a  function  of  the  initial  particle  radius  for  varying 
process  times.  In  the  case  of  evaporation  from  a  flat  surface  (e.g., 
from  the  svirface  of  a  tablet),  the  values  of  all  terms  In  Expression 
(75)  for  the  rate  of  the  process  undergo  no  change  under  Isothermal 
condltl<ms,  and  accordingly  the  rate  of  the  process  remains  virtually 
constant  over  a  long  span  of  time: 


Strictly  speaking,  a  gradual  change  In  the  rate  of  the  process 
may  take  place  In  the  case  of  tablet  evaporation  as  a  result  of  the 
gradual  decrease  in  the  evaporation  surface. 

§5.  BASIC  TIPES  OF  TRANSFORMATIONS  IN  SOLID  SUBSTANCES.  POLYMORPHISM 
The  chemical  conposltlon  of  the  phases  that  arise  In  the  process 
In  which  crystalline  substances  are  transformed  may  differ  from  the 
composition  of  the  Initial  phases  or  be  Identical  with  It.  Since  this 
likeness  or  unllkewess  has  a  considerable  effect  on  the  qualitative 
laws  governing  tte  ccarre:^ondlng  processes,  we  distinguish  between 
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two  of  transformations  In  solids: 

1)  those  that  take  place  without  changes  In  the  chemical  eom> 
position  of  the  phasesj 

2)  those  accoiqpanled  by  the  appearance  of  phases  with  modified 
chemical  bonposltlon. 

Processes  of  the  former  type  amount  to  changes  In  the  crystal 
structure  of  the  material  only,  so  that  the  appearance  and  growth  of 
seeds  of  a  new  phase  are  considerably  easier  In  them«  An  Important 
stage  In  processes  of  the  second  type  is  diffusion  of  at  least  one 
of  the  system's  components  In  a  layer  of  the  initial  phases  or  new  . 
formations.  This  is  the  chief  factor  behind  the  differences  In  the 
qualitative  laws  governing  the  two  types  of  processes. 

Nevertheless,  literature  characterizations  of  processes  of  the 
first  type  as  nondlffuslve  to  distinguish  than  from  the  "diffusive" 
processes  of  the  second  type  are  not  sufficiently  rigorous,  since 
diffusion  of  crystal- lattice  elements  may,  as  we  know,  take  place  and 
even  become  a  major  factor,  even  in  those  cases  where  the  chemical 
composition  of  the  material  does  not  change  In  the  process  of  Its 
transformation 4 

Processes  of  the  first  type  include  polymorphic  transformations 
and  the  phenomena  of  ordering  and  disordering  of  solid  solutions.  Some 
of  these  processes  take  place  at  such  high  rates  —  which  are  occasion¬ 
ally  difficult  to  measure  —  that  they  were  at  one  time  Incorrectly 
regarded  as  "seedless.” 

All  other  transformations  of  crystalline  substances.  Including, 
of  coiirse,  chemical  reactions  in  mixtures  of  them,  are  processes  of 
the  second  type. 

Among  the  processes  that  take  place  without  changes  in  the  chesd.- 
cal  conpositlon  of  the  original  phases,  two  types  of  phase  transitions 
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should,  according  to  Erenfest,*  be  distinguished. 

In  transitions  of  the  first  kind,  a  change  In  the  solid's  cry¬ 
stalline  structure  and  In  the  first  derivatives  of  its  thennodynanle 
potential  with  respect  to  tenqperature  and  pressure;,  i.e.,  the  entropy 
S  >  —  dz/dr  and  volume  V  •  dz/dp  and,  consequently,  the  energy  B,  . 
takes  place  abruptly  at  a-  certain  temperature  and  is  accompanied  by 
a  marked  heat  effect.  Here,  the  change  in  the  thermodynamic  potential 
B  B  —  TS  -f  pV  obviously  reiralns  continuous. 

A  certain  temperature  curve  of  thermodynamic  potential  is 
peculiar  to  each  modification  of  the  substance.  At  a  eex^ain  tempera¬ 
ture,  the  thermodynamic-potential  curves  of  the  initial  and  new  phases 
Intersect,  Just  as  do  the  curves  of  their  vapor  pressures  (Fig.  36): 
the  thermodynamic  potentials  of  the  two  phases  are  the  same  and  the 
phases  aire  at  equilibrium.  Above  a  certain  temperature,  one  modifica¬ 
tion  is  stable,  and  below  it  the  other  modification  is  stable.** 

At  a  given  pressure,  therefore,  each  modification  of  the  material 
is  stable  in  a  certain  tenperature  range.  Transition  of  the  substance 
into  another  modification  takes  place  at  the  boundary  of  this  tempera¬ 
ture  range  of  stable  existence  for  each  of  the  various  modifications 
(normally  known  as  the  transformation  point).*** 

In  phase  transformations  of  the  second  kind,  the  object  of  basic 
researches  by  Landau  and  Livshits  [3,  202,  203],  the  thermodynamic 
potential  Z  and  its  first  derivatives  (entropy  and  volume)  change  con¬ 
tinuously,  while  the  second  derivatives  of  Z  with  respect  to  tempera¬ 
ture  and  pressure  change  dlscontlnuously. 

Due  to  the  contlniilty  of  the  entropy  variation  in  the  transition 
process,  no  liberation  of  or  absorption  of  heat  takes  place.  Due  to 
the  stepwise  change  in  the  second  derivatives  of  Z  with  respect  to 
£  and  T,  however,  the  quantities  expressed  by  these  derivatives,  such 


{ 
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Pig.  36.  Vapor  pressure  as  a  function 
of  tenqperature  In  cases  of  enantlotrople 
transformation  (a)  and  monotrople  trans¬ 
formation  (b).  tp^)teiig>erature  of  the 

transformation  Into  the  other  modifica¬ 
tion;  tp^)  melting  point;  the  broken  lines 

Indicate  unstable  states.  1)  Vapor  pres¬ 
sure;  2)  liquid;  3)  tp^;  4)  5) 


as  heat  capacity,  coefficient  of  thermal  esqpanslon  and  cosiiresslbllity 
coefficient  also  change  stepwise  (naturally>  they  can  also  change 
stepwise  in  transitions  of  the  first  kind). 

In  transformations  of  the  second  kind,  the  solid  (lattice) 
moves  from  one  modification  to  another  during  heatizig  by  a  series  of 
small  stepwise  changes  that  take  place  over  a  certain  Interval  of 
teiqperatures .  Thus,  although  discontinuity  of  the  process  is  in  princi¬ 
ple  retained  in  this  case,  the  solid  moves  progressively  into  its 
new  state,  so  that  at  temperatuzTes  near  the  transition  point  the 
new  modification  differs  negligibly  from  the  old  modification.  At  the 
transition  point,  the  cotposltlons  of  the  two  phases  coincide  or,  in 
other  words,  all  of  the  material  Is  In  the  same  state.  In  this  respect, 
phase  transitions  of  the  second  kind  are,  for  all  practical  purposes, 
cohtinuous. 

The  transformation  of  barim  titanecte  mmy  serve  as  an  example  of 
this  type  of  transition.  At  hlfd^i  teaperstures,  BSXiO^  has  a  cublje 
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Pig*  37.  Crystal  lattice  of  barium  tltanate. 

1)  Ba^^;  2)  C^;  3)  Tl^. 

lattice  with  the  cell  shown  in  Fig.  37.  On  cooling  of  such  barium 
tltanate  below  a  certain  tenQ^erature,  the  T1  and  0  atoms  begin  to 
shift  with  respect  to  the  Ba  atoms,  moving  toward  one  of  the  edges 
of  the  cube.  This  displacement  Is  effected  continuously,  but  even  a 
small  shift  of  this  type  results  In  a  change  In  the  symmetry  of  the 
lattice.  Actually,  as  soon  as  such  a  shift  begins,  the  lattice  sym> 
metry  chaxiges  Immediately  from  cubic  to  tetragonal .  Here,  there  Is 
no  discontinuity  in  the  change  of  the  solid's  state. 

Since  the  states  of  the  two  phases  at  the  point  of  such  a  tran¬ 
sition  are  the  same,  the  symmetry  of  the  solid  In  this  state  contains 
all  elements  of  symmetry  of  both  phases,  although  one  of  than  Is 
always  higher  than  the  other  in  phase  transitions  of  the  second  kind. 
In  contrast  to  treuisltlons  of  the  first  kind,  we  do  not  have  to  speak 
here  of  a  minimum  or  of  equality  of  the  phase  thermodynamic  potentials 

A  corollary  of  the  special  properties  of  transitions  of  the 
second  kind  Is  the  Inqposslblllty  of  supercooling  or  superheating  of 
the  solid  during  them,  as  Is  frequently  observed  In  processes  of  the 
first  kind. 

As  was  shown  by  Landau  [202],  a  phase  transition  of  the  second 
kind  Is  Impossible  between  a  liquid  and  a  crystalline  solid. 
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in  practice*  however*  we  frequently  encounter  phase  transitions 
of  both  the  first  (see*  for  example*  below  on  the  polymorphic  trans- 
foxnatlons  of  silica)  and  the  second  kind  (many  processes  of  ordering 
and  disordering  In  solid  solutions  [203  and  others])  on  heating  of 
crystalline  sollda. 

All  of  these  processes*  and  transitions  of  the  second  kind  In 
particular*  have  as  yet  been  the  subject  of  little  theozetlcal  or 
e^erlmental  study. 

«  •  • 

Certain  substances  have  the  ability  to  crystallize  In  dlffex*ent 
lattices  under  different  conditions. 

nils  phenomenon*  which  Is  known  as  polymorphism*  has  been  es¬ 
tablished  for  carbon*  sulfur*  Iron*  tin*  zinc  sulfide*  aluminum  oxide* 
silicon  dioxide*  titanium  dioxide*  calcium  carbonate  and  many  other 
substances. 

Since  the  properties  of  a  substance  are  determined  to  a  consider¬ 
able  degree  by  the  natiire  of  Its  crystal  structure*  the  various  cry¬ 
stalline  modifications  of  a  substance  having  a  given  chemical  composi¬ 
tion  possess  different  properties. 

The  differences  in  the  properties  of  two  well-known  modifications 
of  caxbon  (graphite  and  diamond)  may  serve  as  an  extremely  simple  and 
clear  example  of  this  proposition.  Graphite  belongs  to  the  hexagonal 
syngony*  Is  opaque*  black  In  color*  and  soft*  and  has  a  specific  gravity 
of  2.22  and  Is  an  excellent  conductor  of  electric  current.  Dlasiond 
belo.'tgs  to  the  cubic  syngony*  Is  transparent*  has  a  Mohs  hardness  of 
10*  a  specific  gravity  of  3.31*  and  Is  a  dielectric. 

The  crystal  structures  of  polymorphic  modifications  may  be  dls- 
tli^Blshed  tram  one  smottirr  by  their  coordination  numbers  (e.g.*  the 
coc.^ddnatltniitiiftiersctr  ^  and  7- iron  are  8  and  12*  respectively)*  by 
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the  type  of  closest  packing  ix'  the  case  of  Identical  coordination 
numbers  (e.g.,  cubic  in  TlO^-anatase,  hexagonal  in  TiOg-rutile,  and 
four* layered  in  TiOg-brooklte),  by  the  placement  of  the  atoms  of  one 
of  the  elements  (colvunblte  and  mosslte),  by  the  angles  formed  by 
stii^ctural  groups  (the  S1*0*S1  angle  Is  l8o°  in  crlstoballte  and 
160^  in  quartz)  and,  finally,  by  the  angles  of  rotation  of  molecules 
or  radicals  in  the  lattices  (paraffins). 

As  was  noted  above,  atom:-  (molecules,  ions)  of  a  substance  always 
tend  to  form  a  stable  lattice  possessing  the  smallest  free-energy 
reserve. 

Since  this  free-energy  reserve  depends  on  certain  conditions,  one 
modification  may  be  stable  under  one  set  of  conditions  and  another 
modification  under  another  set.  A  change  in  conditions,  principally 
In  ten^xerature  or  pressure,  may  result  in  a  change  in  the  crystal 
lattice,  l.e.,  in  a  transition  of  the  substance  from  one  crystalline 
modification  into  another  that  is  stable  under  the  new  conditions. 

Greater  practical  InQxortance  is  generally  ascribed  to  those  proc¬ 
esses  of  transformation  in  crystalline  solids  that  take  place  at  con¬ 
stant  (atmospheric)  pressiure. 

The  process  in  which  one  modification  is  transformed  into  another 
Is  similar  in  many  respects  to  the  process  of  transition  from  the 
solid  state  into  the  liquid  state  or  vice  versa.  The  difference  coi>- 
slsts  in  the  fact  that  in  fusion,  for  exaiiq>le,  the  oxtered  arrangement 
of  particles  in  the  crystal  lattice  is  supplanted  by  a  less  ordered 
arrangement  In  the  melt,  while  in  a  polymorphic  transformation  one 
rigorous  ordering  of  the  particles  is  replaced  by  another. 

In  this  replacement  of  one  order  by  amother,  the  atoms  do  not 
change  positions,;  but  are  simply  shifted  with  respect  to  one  another 
by  distances  not  In  excess  of  the  Interatomic  distance.  However,  these 
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dlsplaeanents  and  changes  In  the  relative  positions  of  the  material's 
particles  natiirally  Involve  expendltiu^e  or  evolution  (liberation)  of 
a  certain  amount  of  energy. 

This  gives  rise  to  the  concept  of  the  heat  of  a  polymorphic 
transfoxnatlon  -  the  quantity  of  heat  absorbed  or  liberated  on  trans* 
formation  of  a  unit. mass  of  substance.  The  value  of  this  heat  depends 
on  the  structxire  and  cohesive  forces  of  the  particles  forming  the 
Initial  and  final  crystals,  and  varies  over  a  wide  range  for  different 
transformations . 

To  execute  a  transition  from  a  state  with  a  larger  free  enei^gy 
to  a  state  with  a  smaller  free  energy  In  a  polymorphic  transformation, 
the  atoms  must  pass  through  Intermediate  states  with  elevated  energies, 
l.e.,  they  must  overcome  certain  energy  barriers.  To  do  this,  they 
must  obviously  possess  an  energy  adequate  to  overcome  such  barriers. 
The  availability  of  this  additional  energy  Is  conditioned  by  the  non- 
unlformlty  with  which  the  energy  of  thermal  agitation  of  the  atoms  Is 
distributed.  The  probability  of  such  an  event  Is  determined  by  the 
ratio  of  the  height  of  the  barrier  to  the  average  vibration  energy. 

When  a  solid  goes  from  one  lattice  to  mother,  some  layer  of 
atoms  belongs  Jointly  to  the  old  and  new  lattices.  Thus,  there  is  an 
elastic  relationship  between  them.  As  a  result,  enormous  shearing 
stresses  and  the  corresponding  elastic  deformations  arise. 

Uhder  any  given  set  of  conditions,  the  energy  of  the  new  modifica¬ 
tion  will  be  smaller  than  that  of  the  Initial  modification:  as  was 
noted  atove,  the  process  goes  toward  a  reduction  of  the  system's  free 
energy. 

In  the  case  of  the  so-called  directional  migration  of  atoms  with 

I  ■ 

retenjelon  of  the  bonds  between  the  old  and  new  lattices,  continuous 
transition  of  the  solid  Into  ihe  new  modification  may  result  In  the 

-  152  - 


appearance  of  a  parx-lcularl;  iai’ge  elastlc-defonnatlon  energy.  The 
result  nay  be  either  plastic  deformation  of  the  system  as  a  result 
of  attainment  of  the  elastic  limit  or  stoppage  of  the  transformation 
process,  since  further  progress  In  It  would  Involve  a  rise  In  the 
system’s  free  energy,  make  It  necessary  to  overcome  hl^er  energy 
b2u?rlers,  and  require  a  larger  energy  of  activation  and  a  larger 
thermal-agitation  energy. 

Two  forms  of  polymorrh^ c  transformation  exist:  enantlotroplc  or 
reversible  processes,  which  go  In  either  direction  at  the  teiqperature 
of  transition,  and  monotropic  or  Irreversible  transformations,  which 
proceed  only  In  one  direction. 

The  former  are  characterized  by  the  presence  and  the  latter  by 
the  absence  of  a  rigorously  determined  temperature  for  the  process 
(transformation  point) .  The  p-quartz  a-quairtz  and  a-quartz  ^  o- 
trldymlte  transformations  may  serve  as  an  example  of  the  enantlo¬ 
troplc  type,  and  the  transition  of  diamond  into  graphite  as  an  example 
of  the  monotropic  type.  At  enantlotroplc  points,  the  process  by  which 
the  substance  is  converted  Into  another  modification  is,  in  accoz^ance 
with  Le  Chateller’s  principle,  accompanied  by  absorption  of  heat  If 
It  takes  place  on  heating  (like  melting)  and  by  evolution  of  heat  If 
It  takes  place  on  cooling  (like  crystallization  from  the  melt). 

The  monotropic  transformation  of  a  low- temperature  modification 
Into  a  high- temperature  modification  may  be  acconpanled  by  the  evolu¬ 
tion  of  heat. 

To  a  greater  or  lesser  degree,  the  crystalline  modifications  of 
a  substance  may  be  distinguished  from  one  another  on  the  basis  of 
their  structures  and  physical  properties. 

The  varieties  of  silica  are  broken  down  into  two  categories  on 
the  basis  «f  this  criterion:  first-order  varaetles  -  quartz,  trldymlte 


I  and  crlBtoballte«  which  differ  sharply  from  one  another «  and  those 
of  the  second  order  -  the  a-,  3*  and  Y^forms  of  the  above  varieties. 
Within  the  limits  of  a  given  variety,  the  structural  and  property  . 
differences  between  these  forms  are  relatively  minor.  Accordingly, 
the  heat  effect  of  second-order  transformations  .(of  one  form  Into 
another  within  the  limits  of  the  same  variety.)  Is  relatively  small 
as  compared  with  the  corresponding  figures  for  transformations  of 
the  first  order. 

As  a  result  of  changes  In  the  properties  of  the  substance  In 
polymorphic  transformations,  these  processes  are  reflected  In  the 
temperature  curves  of  the  substance's  volume,  optical  constants, 
heat  capacity  and  vapor  pressure.  Among  other  things,  a  lower  vapor 
pressure  (and  a  higher  melting  point)  naturally  corresponds  to  the 
modification  that  Is  more  stable  at  the  temperature  In  question,  l.e. , 
that  which  possesses  the  smaller  free  energy.  In  accordance  with  the 
second  law  of  thermodynamics.  Curves  of  this  type  ( temperature -versus - 

property)  are  presented  below  In  our  des¬ 
cription  of  single -component  systems  (SlOj,, 
AlgO^  and  others).  It  Is  clear  from  what 
we  said  above  that  we  may  observe  a  break 
and  even  a  horizontal  plateau  on  the  heat¬ 
ing  curve  of  a  substance  at  Its  transforma¬ 
tion  point  (Fig.  38). 

The  little -studied  question  as  to  the 

i 

rate  of  polymorphic  transformations  Is  Important.  It  Is  known  that  the 
energy -absorbing  processes  (of  the  first  order),  which  Involve  an  es- 
sentlal  ^hange  In  the  crystalline  structure,  proceed  at  lower  speeds 
than  processes  of  the  second  order.  Sometimes,  particularly  at  low 
temperatures,  the  transformation  rate  Is  so  low  that  the  hlgh-tempera- 
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Fig.  38.  Cooling  and 
heating  In  enantlo- 
troplc  transformations. 
1)  Temperature;  2)  time. 


ture  modification  can  be  greatly  supercooled  (In  much  the  same  way  as 
liquids  are  supercooled),  or  the  low -temperature  modification  may  be 
superheated  (In  contrast  to  the  virtually  impossible  superheating  of 
a  solid  above  Its  melting  point)  with  respect  to  the  transition  point 
without  the  transition  taking  place.  In  these  cases,  both  modifications 
may  exist  at  the  same  temperature,  but,  like  a  supercooled  liquid,  the 
solid  Is  In  a  thermodynamically  unstable,  so-called  metastable  state. 

It  may  arise  In  the  same  way  as  the  Intermediate  stage  In  the  process 
In  which  the  substance  goes  from  the  unstable  to  the  stable  state.  As 

•  4 

we  know,  transl  ormation  of  an  unstable  system  Into  a  stable  system 
takes  place  progressively,  by  degrees  (Ostwald's  rule).  The  metastable 
state  may  be  disturbed  by  Introducing  a  primer  Into  the  solid;  these 
are  particles  of  the  modification  that  Is  stable  at  the  temperature 
In  question.  Apparently,  other  substances  can  also  perform  the  function 
of  such  a  primer.  It  Is  known  that  a  small  crystal  of  a  substance  that 
Is  Isomorphic  with  the  substance  In  supersaturated  solution  may  seed 
crystallization  of  this  dissolved  material.  It  may  be  assumed  In  8uial- 
ogy  with  this  that  In  cases  of  polymorphic  transformation,  a  substance 
that  Is  Isomorphic  to  the  stable  modification  may  excite  (or  acceler¬ 
ate)  the  transition  of  the  unstable  modification  Into  the  stable  mod¬ 
ification.  However,  such  excitation  or  acceleration  of  the  process  with 
the  aid  of  primer  Is  observed  In  far  from  all  cases  (see  pages  I87, 

4 

188). 

Addition  of  Insignificant  quantities  of  certain  substances  to  a 
substance  that  Is  undergoing  a  polymorphic  ti*ansfomatlon  delays  this 
process.  These  process -delaying  materials  thus  act  as  stabilizers  for 
the  Initial  modlflcatlcms. 

InveatigatlOQ  of  the  kinetics  of  polymorphic  transformation  pro¬ 
cesses  must  obviously  be  based  on  analysis  of  their  essential  physical 
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nature.  Like  any  other  process  In  which  a  crystalline  phase  appears « 
each  such  process  consists  of  two  phenomena:  seeding  of  crystalllza* 
tlon  centers  and  the  growth  of  crystals  of  the  new  phase.  The  trans* 
formation  rate  here  Is  a  function  of  these  two  factors,  which  vary 
differently  In  accordance  with  the  temperature,  duration  and  other  con¬ 
ditions  of  the  process.  From  an  energy  standpoint,  growth  of  the  cry¬ 
stal  should  proceed  more  easily  than  seeding,  which  requires  the  woiic 
of  Interface  formation.  The  activation  energy  of  seeding  Is  usually 
somewhat  higher  than  the  activation  energy  of  growth* 

Ihe  n\imber  of  grains  of  the  new  phase  will  naturally  be  propor¬ 
tional  to  the  rate  at  which  they  are  seeded;  their  size  will  depend 
on  the  growth  rate.  In  this  connection,  it  is  essential  to  note  two 
circumstances: 

1)  the  higher  the  degree  of  superheating  or  supercooling,  the 
smaller  will  be  the  critical  seed  size  and  the  larger  the  number  of 
seeds; 

2)  at  sufficiently  high  temperatures  (at  any  given  temperature), 
the  growth  rate  will  be  higher  than  that  of  seeding. 

Obviously,  polymorphic  transformation  processes  are  of  great  In¬ 
dustrial  significance  in  connection  with  the  stepwise  change  that  oc¬ 
curs  In  the  properties  of  substances  on  such  transformations  and  the 
large  and  often  repeated  changes  In  temperature  of  many  (e.g. ,  refrac¬ 
tory)  materials  In  their  practical  applications. 

[ Footnotes ] 

and  E2  are  usually  expressed  in  cal/mole. 

*To  avoid  the  need  to  deal  with  very  small  numbers  the  val- 
ues  of  D  are  often  expressed  in  cm  /day. 
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84  *The  concentration  dependence  of  the  diffusion  coefficient 

la  "thrown  out"  only  in  the  case  of  self-diffusion. 

94  *  Much  is  as  yet  unclear  concerning  the  role  taken  by  sur¬ 

face  diffusion  in  the  sintering  process.  Indications  of  a 
considerable  importance  for  it  can  be  found  in  the  litera¬ 
ture.  However*  analysis  of  voluminous  experimental  data  in¬ 
dicates  that  surface  diffusion  is  reiilly  subordinate  in  in^ 
portance:  it  may  make  Itself  felt  to ;  a  certain  degree  in 
the  sintering  process  only  in  its  early  stages  and  at  very 
small  a  [83*  1231. 

102  *See*  for  example,  the  paper  by  F.  Sauerwald,  Aktuelle  Prob- 

leme  Fhys.  [Pressing  Problems  of  Physics]  (Pub.  E.  Thilo), 
Berlin,  1953;  F.  Wolf  and  H.  Ritzmann,  Chemie-Ing.  Technik 
[Chemical  Engr. -Technician],  No.  8,  516  (1958)  and  the  re¬ 
ferences  cited  in  this  paper. 

106  ^Concerning  sintering  in  the  presence  of  a  liquid  phase, 

see  Klngery,  W.D.,  Ceramic  Fabrication  Processes,  New  York, 
1958,  page  131. 

117  *The  Frenkel*  theory  [44,  45]  explains  why  a  solid  does  not 

melt  in  some  appreciable  temperature  range. 

126  *Assuming  for  simplicity  that  mixture  formation  and  phase 

transformations  are  not  accompanied  by  a  change  in  volume, 
we  may  use  the  free  energy  in  first  approximation  instead 
of  the  thermodynamic  potential. 

l40  *Stran8kly  [195]  made  a  detailed  study  of  this  problem. 

142  *This  problem  was  considered  in  1952-1954  by  one  of  the 

present  authors  in  References  [231,  398  and  others].  The 
recently  published  report  of  N.A.  Fuks  entitled  Ispareniye 
1  rost  kapel*  v  gazoobraznoy  srede  [Evaporation  and  growth 
of  drops  in  a  gaseous  medium]  (Acad.  Sci.  USSR  Press,  1958), 
which  casts  light  on  the  results  of  the  most  Importa.nt  re¬ 
search  into  both  of  these  processes,  is  of  great  interest  to 
study  of  this  problem. 

147  *P.  Erenfest,  Proc.  kon.  Akad.  [Proc.  Roy.  Acad.],  Amsterdam, 

36,  153  (1933). 

l47  **Strlctly  speaking,  all  this  is  correct  when  the  diffusion 

processes  are  "blocked,"  l.e.,  do  not  occur,  and  only  re¬ 
building  of  the  lattice  without  changes  in  the  concentra¬ 
tion  of  the  solid  solution  can  proceed. 

147  «**The  conditions  and  laws  of  several  such  transitions  are 

considered  in  §1  of  Chapter  9*  - 


[List  of  Transliterated  Symbols] 

72  B  >  V  «  vakanslya  >  vacancy 

72  y  *  u  ■  uzel  •  lattice  point 
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110 

110 

123 

123 

130 

142 
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K  -  k  -  kaplllyarnyy  »  c*plll«ry 

peKp  -  rekr  -  rekrlstalllzatslya  -  recryatalllaatlon 
na  -  pi  >  plavlenlye  •  melting 
T  ■  t  ■  tverdlv  a  aolld 
X  ■  zh  -  zhldkly  •  liquid 
a  ■  e  ■  evtektlka  •  eutectie 
H  >  n  -  nasyahehenyy  •  aaturated 
r  -  g  -  gazovyy  •  gaa 

np  ■  pr  ■  prevraahchenlye  ■  tranaformatlon 
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Chapter  3 

MECHANISM  OF  REACTIONS  IN  MIXTURES  OP  SOLIDS 
§1.  GENERAL  PREMISES.  "ET^ffiNTARY"  PROCESSES 

As  we  know,  a  chemical  reaction  In  a  mixture  of  crystalline  re¬ 
agents  has  a  number  of  Important  special  properties:  It  takes  place 
at  the  Interface  between  coexisting  phases,  l.e..  It  Is  heterogeneous 
In  nature;  like  any  topochemlcal  reaction.  It  depends  on  the  spatial 
positions  of  the  masses  of  the  reacting  components  and  results  In 
the  appearance  of  phases  of  a  new  (modified)  chemical  composition, 

I 

l.e..  Is,  In  the  final  analysis,  a  transformation  of  the  second  type 
(page  l46);  It  consists  of  a  series  of  elementary  processes,  which  may 
also  Include  transformations  of  the  first  type. 

To  ascertain  the  nature  and  sequence  of  these  processes,  Huettlng 
[204,  205)  once  undertook  a  circumstantial  Investigation  of  reactions 
In  mixtures  of  powdered  oxides  of  various  metals  as  the  temperature 
was  progressively  raised.  He  observed  a  change  In  the  composition  and 
properties  of  the  mixtures  on  x-ray  diffraction  patterns,  on  the  basis 
of  dye  and  water-vapor  sorption,  the  catalytic  action  of  the  mixture 
on  certain  reactions.  Its  magnetic  susceptibility  and  fluorescence, 
and  with  the  aid  of  certain  other  methods.  Particularly  detailed  study 
was  devoted  to  the  reaction  of  zinc  oxide  with  ferric  oxide. 

On  the  basis  of  his  Investigation,  Huettlng  concluded  that  the 
process  In  which  the  reagents  react  In  the  above  mixture  and  In  many 
other  crystalline  mixtures  may  be  broken  down  Into  six  periods: 
a)  coating; 
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b)  activation  as  a  result  of  "quasi -molecule"  formation  and  form¬ 
ation  of  superficial  molecular  films; 

c)  deactlvatlm  of  the  molecular  surface  films; 

d)  activation  as  a  result  of  Internal  (bulk)  diffusion; 

e)  formation  of  a  crystalline  reaction  product  and 

f)  correction  of  defects  In  the  crystal  lattice  of  the  compound 
that  has  been  formed. 

The  coating  period  Is  characterized  by  contact  between  the  sur¬ 
faces  of  the  materials;  this  Is  accomplished  as  soon  as  they  are  mixed 
and  becomes  more  extensive  on  heating.  The  dye -adsorption  cap¬ 
acity  (curve  1«  Pig.  39)  diminishes  during  this  stage«  as  It  does  In 
the  subsequent  courae  of  the  process.  By  using  a  dye  that  adsorbs 
selectively,  we  may  establish  that  one  of  the  reacting  components 
"coats"  the  other.  The  substance  hav’ng  the  lower  melting  temperature 
Is  usually  the  "coating*  cosqxment. 

Period  of  activation  as  a  re¬ 
sult  of  "qussl<a>olecule"  formation 
and  formation  of  superficial  mole¬ 
cular  films.  In  the  case  of  a  mix¬ 
ture  of  zinc  oxide  with  ferric  ox¬ 
ide,  this  period  (300°-400®)  Is 
characterized  by  an  Increase  In 
the  catalytic  action  of  the  mixture 
(curve  2)  on  the  reaction  2C0  +  Og 
»  2CO2  (at  a  temperature  of  250®), 
the  rate  of  water-vapor  sorption 
(curve  3)  and  the  catalytic  effect 
on  the  reaction  2N2O  -  2N2  O2  at 
a  temperature  of  510®  (curve  ^), 


Fig.  39>  Change  In  properties  of 
ZnO  +  ^^2^3  ^  process 

of  heatl^.  1)  Absorption  of 
dye;  2)  catalytic  effect  on  re¬ 
action  2C0  +  O2  «  2CO2;  3)  rate 

of  water -vapor  sorption;  k)  cat¬ 
alytic  effect  on  reaction 
2N2O  >  2N2  O2;  5)  color  (on  ■ 

Ostwald  scale);  6)  density; 

7)  magnetic  snsoeptlblll^;  8) 
Intensity  of  limes  on 

x-riy  dlffractlnn patterns;  9) 
fluorescence,  a)  Periods  of  re¬ 
action. 
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and  by  a  change  In  color  on  ;;he  Ostwald  scale  (curve  3). 

Period  of  deactivation  of  superflclal_roolecular  films.  For  a 
mixture  of  zinc  oxide  with  ferric  oxide,  this  period  occurs  at  400> 
300^.  It  Is  accompanied  by  an  Increase  In  the  bonding  strength  In  the 
superficial  film  with  the  result  that  the  activity  of  the  reacting 
mixture  diminishes.  In  certain  mixtures,  e.g. ,  magnesltun  oxide  and 
ferric  oxide,  this  period  Is  not  Cbserved. 

Period  of  activation  :  .  a  result  of  Internal  (bulk)  diffusion. 

(or  onset  of  general  transposition).  Here,  the  particles  of  one  com> 
ponent  may  begin  to  change  places  within  their  own  lattice  and  diffuse 
Into  the  crystal  lattice  of  the  other  component.  For  the  mlxtxire  of 
zinc  oxide  and  ferric,  oxide,  this  period  Intejrvenes  at  a  temperature 
of  500-620®  and  Is  characterized  by  an  Increase  In  the  catalytic  ef¬ 
fect,  first  on  the  oxidation  reaction  of  carbon  dioxide,  and  then  on 
the  decomposition  of  nitrous  oxide.  Here,  the  density  (curve  6,  Pig. 
39)  begins  to  diminish  while  the  magnetic  susceptibility  (curve  7) 
Increases.  However,  no  distinct  lines  of  the  new  compound  are  as  yet 
discernible  on  the  powder -diffract Ion  pattern. 

The  period  of  formation  of  the  crystalline  reaction  product  oc¬ 
curs  In  cases  where,  as  a  result  of  continued  diffusion,  the  concen¬ 
tration  of  the  solid  solution  (more  precisely,  the  disordered  mixed 
phase)  of  one  con\ponent  in  the  other  attains  such  a  magnitude  that  It 
becomes  possible  to  Isolate  crystals  of  a  new  compound.  For  the  mix- 

I 

ture  under  consideration,  thes  period  Intervenes  at  a  temperature  be¬ 
tween  620®  and  750®.  Thereupon  the  catalytic  effect  of  the  reaction 
mixture  Increases.  The  first  lines  of  the  reaction  (zinc  ferrite)  make 
their  appearance  on  the  powder  diagram;  their  Intensity  (curve  8,  Pig, 
39)  Increases  steadily  In  exactly  the  same  fashion  as  the  difference 
between  the  fluorescence  Intensities  (curve  9)  of  the  pure  zinc  oxide 
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and  the  reaction  mixture  (given  Identical  thermal  processing). 

Period  of  correction  of  structural  defects  In  crystal  lattice  of 
newly  formed  compound.  At  first,  the  crystals  of  the  new  eompovind  stll 
possess  structural  defects,  but  these  disappear  for  the  most  part  as 
the  temperature  Is  raised  further  and  the  x-ray  diffraction  patterns 
of  this  compound  become  normal.  A  further  Increase  In  temperature  re¬ 
sults  In  collective  rccrystalllzatlon  of  the  compound  that  has  formed. 
Heating  to  very  high  temperatures  does  not  exclude  the  possibility  of 
decomposition  of  the  newly  formed  compound  (this  phenomenon  occurs, 
for  example,  when  trlcalclum  silicate  Is  heated  to  temperatures  above 
1900°).  In  view  of  the  considerable  difficulty  encountered  In  experi¬ 
ments  at  very  high  temperatures,  the  general  qualitative  laws  governing 
such  processes  have  not  yet  been  adequately  studied. 

It  has  been  established  by  numerous  Investigations  carried  out 
since  the  work  of  Huettlng  described  above  that  the  process  of  phy¬ 
sicochemical  transformation  In  a  solid  mixture,  which  takes  place  not 
only  under  the  conditions  of  gradual  heating,  but  also  at  constant  re¬ 
latively  high  temperature.  Is  usually  rather  complex.  It  may  Incorpor¬ 
ate  the  following  basic  "elementary”  processes  or  stages: 

1)  the  appearance  of  defects  and  "softening”  of  the  crystal  lat¬ 
tices; 

2)  reconstruction  of  the  lattices  as  a  result  of  polymorphic 
transf onnatlon ; 

3)  formation  and  decay  of  solid  solutions; 

4)  diffusion  (external.  Internal,  superficial); 

^  3)  sintering,  "relaxation,”  recry stalllzat Ion; 

I  6)  fusion,  solution  of  system  components  In  meltj 

7)  crystallization  from  the  liquid  phase; 

8)  sublimation; 
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9)  dissociation; 


10)  the  chemical  reaction  proper^ 

Some  of  these  “elementery''  processes*  are  Inevitably  Interrelated 
5^  7  and  8  with  4)  while  others  (e.g.,  3  and  4)  may.  In  general^ 
be  encountered  "In  pure  form'/  l.e..  Independently;  some  "elementary" 
processes  (such  as  4,  10)  are  necessary  stages  of  any  reaction  in  a 
solid  mixture,  while  others  (e.g.,  2,  3,  and  8)  may  also  accompany  It 
as  parallel  processes  or  not  occur  at  all  In  the  course  of  the  reaction. 

It  Is  clear,  however,  that  to  understand  the  essential  nature  of 
the  reactions  taking  place  on  heating  of  mixtures  of  crystalline  re¬ 
agents  and  the  qualitative  laws  governing  them  It  will  be  necessary  to 
study  the  mechanism  and  laws  of  all  the  "elementary"  processes  listed 
above  and  their  Interrelationships  under  practical  conditions. 

It  Is  therefore  essential  to  note  that,  as  was  Indicated  above 
(Chap.  2),  each  such  process  is  In  Itself  a  combination  of  a  nusdaer  of  i 
simpler  phenomena  and  that  certain  "elementary"  processes,  such  as, 
for  example,  2,  3,  4,  5  and  7,  are  complex  and  have  been  the  subject  ‘ 
of  far  from  adequate  study.  However,  as  a  result  of  the  labors  of  Fol'm4 


Kurnakov,  Tararaann,  Frenkel’,  Bochvar,  Danilov  and  other  investigators, 
the  most  Important  qualitative  laws  governing  them  have  now  been  es¬ 
tablished  (to  a  certain  extent  In  approximate  form),  so  that  there  Is 
a  possibility  of  more  or  less  purposive  control  of  the  these  processes 
and  the  reactions  that  they  compose  In  crystalline  mixtures,  and  of 
studying  the  mechanism  of  such  reactions  successfully. 

One  of  the  basic  problems  encountered  In  this  suudy  Is  that  of 
ascertaining  the  physical  state  of  the  Initial  reagents.  Impurities, 

Intermediate  compounds,  and  final  products  In  the  reaction  process.  In 

{ 

the  literature,  the  reactions  of  which  we  are  speaking  here  are  most 
frequently  referred  to  as  solid-phase  reactions.  In  the  strict  sense 


of  the  yiordf  "solid >phaBe*'  Implies  a  reaction,  accomplished  due  to  di¬ 
rect  Interaction  between  the  grains  of  crystalline  reagents  (l.e. «  one 
that  takes  place  In  the  solid  phases)  without  any  participation  of  li¬ 
quid  or  gaseous  phases. 

In  actuality «  many  processes  In  which  crystalline  mixtures  are 
transformed  under  conditions  that  are  of  technical  Interest  tsdce  place 
with  the  participation  of  gases  and  liquids.  When  crystalline  ffllxtu]?es 
are  heated^  processes  of  this  type  may  also  accompany  the  strictly 
solid -phase  reactions,  unfolding  simultaneously  with  them  or  before  or 
after  them.  Here,  the  detection  of  small  quantities  of  liquid  and 
gaseous  phases  and  determining  their  role  in  the  reactions  under  con¬ 
sideration  Is  sometimes  a  matter  of  considerable  difficulty.  As  a  re¬ 
sult,  the  question  as  to  the  role  of  liquid  and  gaseous  phases  In  the 
mechanism  of  certain  reactions  has  not  yet  been  definitely  ascertained. 

In  general,  a  reaction  between  two  crystalline  substances  may 
take  place  both  by  direct  interaction  between  them  in  the  absence  of 
liquid  and  gaseous  phases  and  with  participation  of  these  phases. 

Here,  it  Is  also  possible  for  substances  in  one  or  two,  or,  finally, 
three  physical  states  to  participate  in  the  process  simultaneously. 

If  under  certain  definite  conditions  the  reaction  may  take  place 
either  with  or  without  participation  of  liquid  or  gaseous  phases.  It 
will  proceed  preferentially  along  the  second  path  in  the  overwhelming 
majority  of  cases. 

It  can  obviously  be  stated  that  a  process  is  taking  place  with 
the  participation  of  substances  present  in  only  one  physical  state  if 
it  has  been'  proven  that  substances  present  in  other  physical  states 
are  not  factors  in  this  process.  As  a  consequence,  proof  of  the  possi¬ 
bility  or  even  of  the  distinct  importance  of,  for  example,  direct  in- 


teractlon  between  the  solid  substances  In  a  given  process  (to  which 
many  Investigations  were  at  one  time  devoted)  Is  not  sufficient  to 
negate  the  essential  Importance  of  other  phases  In  this  process. 

To  understand  the  true  mechanism  of  the  reactions  under  consider¬ 
ation,  we  should  proceed  from  the  basic  possibility  of  participation 
In  them  of  substances  pz^sent  In  the  solid,  liquid  and  gaseous  phases 
In  evaluating  their  importance  in  these  reactions  on  the  basis  of  de¬ 
tailed  analysis.  In  such  analyiiis,  the  basic  physicochemical  proper¬ 
ties  of  the  reactions  under  consideration,  as  noted  above,  and  the 
special  features  of  the  physical  situation  In  which  they  unfold  In 
various  specific  cases  must  be  taken  Into  account. 

In  view  of  the  heterogeneous  nature  of  these  reactions,  the  most 
Important  quantity  determining,  among  other  quantities,  their  rate 
and,  accordingly,  the  yield  ol‘  product,  is  the  area  of  the  reaction 
surface  between  the  reagents. 

In  this  ccxinectlon,  we  note  that  the  area  of  direct  contact  be¬ 
tween  the  grains  of  a  loose-poured  powder  Is  reckoned  in  millionths 
and  even  ten -millionths  of  their  total  surface  (page  51)*  Irrespective 
of  this.  It  Is  possible  In  the  majority  of  cases  for  the  grain  sur¬ 
faces  of  each  of  the  reagents  to  be  fully  exposed  and  accessible  to 
attack  by  the  other  reagent  or  reagents  only  at  the  very  beginning  of 

I 

the  process  (at  t  =  O).  As  the  process  advances,  the  grains  of  one 
(most  frequently)  of  the  reagents  are  covered  by  a  more  or  less  dense 
layer  of  reaction  piwJuct,  the  thickness  of  which  Increases  continu¬ 
ously  In  the  course  of  the  reaction. 

We  may  distinguish  two  groups  of  processes  related  to  the  forma¬ 
tion  of  this  Imjer- 

Tbe  first  of  these  includes  processes  in  which  the  reaction  pi*o- 
dact  has  a  voilume  smaller  than  that  of  the  reacted  reagent,  on  the 
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grains  of  which  the  layer  In  question  grows.  In  this  case,  the  layer 
of  product  Is  porous  and  loose  and  does  not  offer  any  particular  re* 
slstance  to  penetration  of  the  second  reagent  Into  the  reaction  zone. 

The  second  gi'oup  Includes  processes  In  which  the  volvune  of  the 
product  that  forms  Is  larger  than  the  volume  of  the  reacted  **coated" 
reagent  so  that  the  layer  of  product  Is  dense  and  free  of  microscopic 
pores,  and  the  subsequent  course  of  the  process  Involves  diffusion  of 
one  reagent  to  the  other  through  this  layer. 

Obviously,  the  rate  of  processes  of  the  second  group  Is  limited 
to  a  considerably  greater  degree  by  the  resistance  of  the  pTOduct  lay¬ 
er  and  should  be  considerably  lower  than  that  In.  processes  of  the 
first  group,  although  this  rate  naturally  diminishes  with  time  In  all 
eases. 

The  essential  difference  between  these  two  groups  of  processes 
that  we  are  considering  was  noted  as  early  as  1923  [206]. 

The  nature  of  the  layer's  resistance  Is  readily  estimated  mathe¬ 
matically  In  first  approximation. 

Thus,  If  Oy  and  Op  are,  respectively,  the  weights  of  the  reagent 
and  that  of  the  product  obtained  from  It  (In  accordance  with  the  equa¬ 
tion  of  the  reaction),  and  and  y^  are  the  specific  gravities  of 
the  reagent  and  the  product,  then  given  a  reagent  volume  Qj/Yj,*  the 
volume  of  the  product  will  be  Op/Yp. 

Obviously,  If  Op/Yp  >  the  layer  Is  dense,  while  It  Is  por¬ 
ous  If  ®p/Yp  <  Deviations  from  this  rule  are  sometimes  observed 

In  practice.  A  theoretical  explanation  for  these  deviations  has  been 
given  by  Frank  and  van  der  Merve  [207],  according  to  whose  reasoning 
the  newly  formed  layer  has  the  lattice  parameters  of  the  Initial  sub¬ 
stance  only  when  the  difference  between  their  molar  volumes  Is  <  15%. 
If  this  difference  exceeds  13^,  the  newly  formed  product  may  peel 
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from  the  surface  of  the  Initial  solid,  and  this  will  naturally  re¬ 
sult  In  porosity. 

Inferences  as  to  the  nature  of  the  layer  directly  from  the  rela¬ 
tionships  between  the  densities  of  the  product  and  the  initial  mater¬ 
ial,  which  are  frequently  encountered  in  the  literature,  are  less  ri¬ 
gorous  and  well-based,  although  In  individual  cases,  e.g.,  in  evalu¬ 
ating  the  properties  of  oxide  films  on  certain  metals  [89,  208],  such 
inferences  result  In  correct  conclusions. 

$2.  TAMMAMN-KHEEVAL  THEORY.  KURNAXOV  THEORY 

Systematic  study  of  the  mechauilsm  of  reactions  In  mixtures  of 
solids  was  begun  approximately  thirty  years  ago  by  the  work  of  Khed- 
val  [209,  210],  Tammann  [211-213]  and  their  colleagues.  Recording  the 
heating  curves  of  the  Initial  mixtures  and  the  final  products  (Fig. 

40),  Khedval  and  Kheyberger  [209]  observed  the  so-called  exchange  re¬ 
actions  of  acid  radicals,  which  take  place  between  crystalline  metal 
oxides  and  salts  of  oxygen -containing  acids  In  accordance  with  the 
reaction 

McO  W.  RO,  -  Ml  KO,  Me'O. 

Using  the  same  method,  Tammann  et  al.  [211,  212]  investigated 

numerous  reactions  of  acidic  oxides  with  basic  oxides,  reactions  of 

» 

metals  with  sulfates,  nitrates,  sulfides  and  metals,  and  those  of  salts 
with  metals. 

•  I 

On  the  basis  of  their  Investigations,  Tammann  [211]  and  Khedval 

I 

[2l4]  formulated  a  series  of  fundamental  conclusions  concerning  the 
mechanism  and  specific  qualitative  laws  of  reactions  in  crystalline 
mixtures. 

These  conclusions  can  summed  up  as  follows; 

1.  Reactions  that  arise  In  mixtures  of  crystalline  solids,  such 
as  salts  of  oxygen -containing  acids,  and  oxides,  basic  and  acidic  ox- 
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ides,  metals  and  oxides^  sulfides  and  metals,  sulfides  and  oxides,  and 
sd  forth,  take  place  on  heating  by  direct  Interaction  between  the 
grains  of  these  solids.  Any  essential  participation  of  llq^ild  and  gas¬ 
eous  substances  In  these  reactions  Is  excluded.  . 

Reactions  between  solids  take  place  with  evolution  of  heat.  In 
other  words,  only  exothermic  z^aetlons  are  possible  between  solids. 

Attainment  of  equilibrium  In  systems  that  do  not  contain  solid 
solutions  Is  practically  Impossible.  In  the  absence  of  solid  solutions, 
the  equlllbrlvun  state  can  Intervene  as  such  reactions  unfold  only  at 
certain  values  of  the  process  temperature  and  provided  that  the  heat 
of  reaction  Is  very  small,  while  the  sum  of  the  heat  capacities  of 
the  Initial  substances  and  the  reaction  products  must  differ  consider¬ 
ably  (the  probability  of  which  Is  very  low). 

The  temperature  at  which  the  reaction  begins  corresjMnds  to  the 
temperature  at  which  the  crystal  lattice  elements  of  the  reagents  ex¬ 
change  places  at  a  high  rate  and  to  their  sintering  temperature  (Is 
Identical  to  this  temperature).  The  temperatxure  at  idilch  a  reaction 
begins  between  an  oxide  and  a  salt  ("acid -radical  exchange  reaction") 
then  Is  determined  by  the  mobility  of  the  oxide's  crystal -lattice  ele¬ 
ments. 

In  the  case  of  polymorphic  transformation  of  the  mixture  compon¬ 
ents  at  a  relatively  low  tmmperature  (a  temperature  lower  than  that  of 

I 

the  reaction  In  the  absence  of  such  a  transformation),  chemical  reac¬ 
tion  begins  and  progresses  rapidly  at  the  point  of  this  polymoir^lc 
transformation. 

When  crystalline  solids  are  heated,  liquid  may  appear  as  a  result 
of  melting  and  gas  chiefly  as  a  result  of  sublimation  and  dissociation 
of  the  solids.  These  phenomena  are  not  esaentlaJ.  factors  In  strictly 
solid-phase  reactions,  wr.lcr.  are  accorapllfihefl  by  direct  Interaction 
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between  the  crystalline  solids 


3>  According  to  Tammann  and  Khed* 
val,  the  following  may  serve  as  proofs 
of  the  decisive  role  taken  by  direct 
reaction  between  the  solid  phases  In 
the  mechanism  of  chemical  tramsforma- 
tlon  of  solid  mixtures: 

1)  the  occurrence  of  a  reaction 
between  the  dry  reagents; 

2)  the  occurrence  of  the  i*eactlon 
at  temperatures  lower  than  the  melting 
points  of  the  initial  reagents  and 

those  of  the  eutectics  possible  for  the  system; 

3)  the  Impossibility  of  spontaneous  heating  (and  the  resulting 
fusion)  of  the  reagents  by  the  heat  of  reaction  before  the  reaction 
begins; 

4)  the  occurrence  of  the  reaction  at  temperatures  at  which  the 
formation  of  gas  by  decomposition  or  sublimation  of  any  reagent  Is 
virtually  unnotlceable  or  takes  place  at  a  negligible  rate; 

5)  the  practical  constancy  of  the  reaction  temperature  of  a  given 
oxide  with  different  salts,  and  salts  of  oxygen-containing  acids  In 
particular; 

6)  the  absence  of  a  link  between  the  temperature  of  "considerable 
rate"  of  the  dissociation  of  a  given  salt  and  the  "noticeable  rate" 
temperature  of  Its  reaction  with  an  oxide; 

7)  the  Insignificance  and.  In  many  cases,  absence  of  Influence 
exerted  by  the  gas  pressure  above  the  solid  mixture  on  Its  transform- 

4 

atlon  rate; 

8)  the  possibility  of  describing  the  reaction  rate  In  mixtures  of 
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Fig.  40.  Heating  and  cool¬ 
ing  curves  In  an  exothermic 
reaction  In  solid  mixture. 
1)  Heating  of  Initial  mix¬ 
ture;  2)  cooling  of  reac¬ 
tion  product,  tp  Is  the 

reaction  temperatxire. 

A)  Temperature;  B)  time. 


crystalline  solids  by  the  diffusion-kinetics  equation  derived  by  Yamder 
frosi  a  conception  of  these  reactions  as  taking  place  strictly  in  the 
solid  phase. 

The  premises  set  forth  above,  which  form  the  basis  of  the  Tammann- 
Xhedval  doctrine  of  solid-phase  processes,  were.  In  their  time,  of 
great  assistance  In  the  study  of  reactions  between  solids.  The  Tanmann- 
Khedval  theory  [215]  and  the  results  of  their  v;ork  in  this  field  have 
been  an  important  stage  in  the  development  of  our  knowledge  of  crystal¬ 
line-mixture  reacticms  and  served  competently  as  a  basis  for  further 
research  into  them. 

Vagner  [2l6,  2171,  Yost  [218],  Khyuttlng  [204],  Yander  [219-222], 
Yagich  [223,  224]  and  other  investigators  [see,  for  example,  223  and 
226]  essentially  suppllmented  and  developed  certain  of  the  premises  of 
the  Tammann -Khedval  theory. 

On  the  basis  of  the  work  done  by  these  investigators,  it  was  the 
custom  for  a  long  time  to  extend  the  conclusions  of  Tammann  and  Khedval 
(and,  later,  even  those  of  Yander)  concerning  the  mechanism  and  quali¬ 
tative  laws  of  reactions  between  solids  to  all  chemical  reactions  in 
which  the  initial  reagents  and  the  final  products  were  in  the  cxystal- 
line  state. 

On  the  other  hand,  the  work  of  Baykov  [227,  228],  Balarev  [39,  229] 
and  many  other  investigators.,  including  the  authors  of  the  present  mono¬ 
graph  l57f  120,  230,  231],  IntTOduced  certain  changes  and  refinements 
into  the  Initial  conceptions  of  the  range  of  validity  of  certain  propo¬ 
sitions  of  the  Tammann-Khedval  theory. 

Tt.e  possibility  of  equilibrium  being  established  in  the  course  of 

reactlcns  between  solids  in  cases  of  both  the  formation  and  nonforma- 

/ 

tlon  oT  solid  aolmtloDS  was  among  the  points  demonstrated  in  a  number 
of  ImestlgatlODB  I219,  232,  2331  •  It  was  also  established  that  in  many 
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cases,  the  temperature  of  the  "onset"  (noticeable  rate)  of  a  reaction  i 

'i 

does  not  coincide  with  the  sintering  temperature  of  the  reaction  mix- 

jii 

ture  [37  1  230,  234].  It  was  shown  that  the  temperature  of  noticeable  I 
reaction  between  certain  salts  and  oxides  Is  determined  by  the  nature 
(dissociation  vapor  pressure)  of  the  salt  [235-2371.  Finally,  the  Im¬ 
portant  part  taken  by  gaseous  and  liquid  phases  In  many  reactions  that  ' 
tqke  place  on  heating  of  mixtures  of  crystalline  solids  was  revealed  j 

[120,  137,  227,  228,  230,  238-242].*  In  this  connection.  It  will  be  ? 

advisable  to  devote  brief  consideration  to  the  Justification  for  the  ^ 

'  4  > 

? 

propositions  of  Tammann  and  Khedval  that  were  presented  above. 

Let  us  first  stress  again  the  following  clrcvunstance,  which  Is  ! 

frequently  overlooked:  in  any  case,  there  Is  sufficient  evidence  for 
regarding  a  process  as  strictly  solid-phase  If  simultaneous  absence 
of  significant  participation  of  liquid  and  gaseous  phases  has  been  es-  i 
tabllshed  In  the  mechanism  of  this  process.  ; 

As  we  know,  very  many  of  the  Investigations  of  Tammann  and  Khed¬ 
val  were  concerned  with  reactions  between  barium  and  strontium  oxides 
and  various  reagents:  Balarev  [39,  229,  235]  at  one  time  drew  attention 
to  the  possibility  of  H^O  being  contained  In  these  oxides  and  the  hy¬ 
drates  melting  In  the  experiments  of  Tammann  and  Khedval.  Many  years 
ago,  this  objection  of  Balarev  was  confirmed  experimentally  by  the 
exact  researches  of  Yaglch,  who  established  that, It  Is  practically  Im¬ 
possible  to  free  barixun  and  Stontlum  oxides  from  their  water  contents 
by  ordinary  methods  [223]* 

j 

To  confirm  the  second  of  the  argisnents  presented  above  In  connec-  : 

* 

tlon  with  the  progress  of  reactions  at  temperatures  lower  than  that  at  ; 

f 

which  the  liquid  phase  appears  In  the  system,  Tammann  carried  out  a  I 

special  Investigation.  He  compared  the  temperature  at  which  the  liquid 
phase  appears  In  mixtures  of  certain  oxides  with  the  temperature  of  the 
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reaction  between  them.  Here,  the  temperature  at  which  the  liquid  phase 
appeared  was  Judged  from  the  sharp  drop  In  the  resistivity  of  the  sys¬ 
tem  that  It  produced. 

TABLE  14 

Temperature  of  "Onset"  of  Reaction  Between  Oxides, 
Spontaneous  Heating  of  Oxide  Mixtures,  and  Sharp 
Drop  In  Resistivity,  According  to  Tammann 


1)  Reagents;  2)  temperature  In  degrees;  3)  begin- 
Ing  of  reaction,  t^;  4)  maximum  attained  as  a 

result  of  heating,  tg;  3)  sharp  drop  In  system 

resistivity,  t^. 

In  all  of  the  cases  that  Tammann  studied  in  this  connection,  the 
reaction  mixture  was  heated  spontaneously  by  the  heat  of  the  reaction. 
On  the  basis  of  the  data  that  he  obtained,  Tammann  concluded  that  since 
the  temperature  t^  at  which  the  reaction  begins  is  in  no  way  related 
to  the  temperature  t^  at  which  the  liquid  phase  appears  in  the  systems, 
then  the  latter  is  not  an  essential  factor  In  the  reactions  of  crystal¬ 
line  solids  and  that  these  processes  are  solid -phase  (Table  l4). 

I  It  should  be  noted  in  this  connection  that  in  the  first  two  cases 
listed  In  the  table  (CuO  +  MoO^  and  CuO  +  WO^),  the  reaction  begins 
after  the  liquid  phase  has  appeared  In  the  system;  In  the  next  four 
esses,  the  reaction-onset  temperature  coincides  with  the  temperature 
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at  which  the  liquid  phase  appears.  Thus,  half  of  the  results  listed 
above  are  In  disagreement,  even  at  first  glance,  with  the  conclusion 
drawn  at  the  time  fx^  the  tabulated  data.  In  almost; iQl.. cases  (idth 
one  exception)  tg  >'t^,  l.e.,  the  reactions  studied  aetuaily  took  place 
at  a  temperature  tg  exceeding  the  temperature  t^  at  which  the  liquid 
phase  appears  In  the  system,  even  though  the  start  of  the  reaction  was 
associated  with  a  t^^  <  t^.  Finally,  amd  this  Is  particularly  Isqportant 
molybdenum  oxide  and  tvingsten  oxide,  which  were  used  as  reagents  in 
studying  the  reactions  listed  In  Table  14,  are  capable  of  sublimating 
under  the  temperature  conditions  at  which  Tammann  observed  the  progress 
of  these  reactions  [243-243].  Thus  the  data  of  Table  l4  do  not  confirm 
the  Idea  that  the  reactions  listed  there  are  strictly  solid-phase  In 
natxire. 

With  his  third  argument,  Tammann  intended  to  show  that  the  pre¬ 
mise  that  the  material  melts  In  a  process  of  this  type  as  a  result  of- 
the  temperature  Increase  due  to  the  heat  of  reaction  Inevitably .  results 
In  a  logical  Impasse.  Tammann  stated  that  liberation  of  this  heat  would 
require  preliminary  heating  of  the  reagents. 

In  actuality,  escape  from  this  impasse  Is  quite  simple.  It  consists 
In  acknowledging  the  basic  possibility  of  direct  reaction  between  so¬ 
lids  In  the  process  of  their  tremsformatlon,  but  not  necessarily  their 
(quantitatively)  preferential  Importance.  If  the  reaction  Is  exothermic 
all  that  liberation  of  the  heat  requires  Is  that  as  small  a  number  as 

you  please  of  solid  particles  of  the  Initial  reagents  be  reacted  with 

•  . 

one  another.  Obviously,  the  amount  of  this  heat  may  be  adequate  to 
raise  the  mixture  temperature  locally  to  the  melting  point  of  at  least 
one  of  the  reagents  (or  a  eutectic)  and  convert  a  certain  very  small 
quantity  of  It  to  the  liquid  phase.  Then  this  quantity  of  reagent,  en¬ 
tering  the  l^uld  state,  reacts  intensively  with  the  second  reagent, 
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ftndf  reacts  intensively  with  the  second  reagent «  and  this  results  In 
further  evolution  of  reaction  heat  and  melting  of  a  new  amount  of  the 

•  i 

first  reagent  and  so  forth.  Here,  as  we  noted  above,  the  reaction  goes 
preferentially  throvigh  the  liquid  phase. 

This  Is  the  situation  with  the  first  three  arguments,  the  object 
of  which  was  to  refute  the  essential  importance  of  the  liquid  phase 
In  the  reaction  mechanism  for  reactions  taking  place  when  crystalline 
mixtures  are  heated. 

The  fouz*th  of  the  arguments  of  Tammann  presented  above  has  as  Its 
purpose  to  show  the  lack  of  Justification  for  ascribing  any  essential 
role  In  the  mechanism  of  these  reactions  to  the  gaseous  phase.  It  Is 
important  to  note  In  this  connection  that,  all  other  conditions  the 
same,  the  rate  of  dissociation  or  sublimation  of  a  solid  Is  proportion¬ 
al  to  the  difference  between  its  equilibrium  dissociation  or  sublima¬ 
tion  vapor  pressuz^  and  the  actual  pressure  in  the  gaseous  medium  of 
this  solid.  The  "actual  vapor  pressure"  is  naturally  lower  in  the 
presence  of  an  agent  that  binds  a  substance  entering  the  gaseous  phase 
chemically  into  the  solid  product.  In  actuality,  this  drop  in  the  "ac¬ 
tual  vapor  pressure"  and  corresponding  increase  in  the  rate  of  the  pro¬ 
cess  under  the  conditions  being  considered  is  determined  by  the  differ¬ 
ence  between  the  equilibrium  vapor  pressures  of  this  substemce  over  two 
crystalline  phases:  the  Initial  phase  and  the  final  phase  for  the  pro¬ 
cess  In  question.  Consequently,  the  progress  of  the  reaction  with  a 
noticeable  or  relatively  high  rate  at  the  temperatures  at  which  disso¬ 
ciation  or  sublimation  of  a  reagent  taken  separately  Is  unnotlceable 
or  proceeds  with  a  relatively  low  rate  cannot  serve  as  a  basis  for  ne¬ 
gating  the  Importance  of  the  gaseous  phase  In  this  process. 

tsually,  the  following  data  are  presented  to  confirm  the  fifth  of 
the  arguments  listed  above  (Table  15). 
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TABLE  15 


^npttrature  of  Noticeable  Rate  of  Reaction  Be¬ 
tween  Certain  Oxides  and  Sulfates,  According 
to  Tamnann  and  Khedval  - 


1  ;  2 

.M«w*  atwMaia  «|jfc4a?aa 

Otmm  ^ 

CTfMMM 

4 

ttMMM 

i^aiia 

MiaaaM 

— 

mum 

BaO. .  m 

310 

30 

320 

341 

345 

SiO .  - 

451 

441 

431 

424 

415 

CaO . 

540 

533 

530 

SW 

M|0 . 

•• 

503 

630 

1)  Oxides;  2)  temperature  of  reaction  "onset" 
(In  degrees)  with  sulfate  of;  3)  strontium;  4) 
calcium;  5)  magnesium;  6)  cobalt;  7)  sine; 
o)  copper. 


On  the  basis  of  these  and  cex^ln  other  (similar)  data,  Tamnann 
and  Khedval  asserted  that  since  the  temperature  of  the  reaction  is  in 
no  way  related  to  the  type  of  salt  reacting  with  the  oxide  in  question, 
the  dissociation  vapor  pressure  and,  in  general,  the  dissociation  of 
the  salt  do  not  represent  factors  that  are  in  any  way  significant  in 
these  reactions.  The  reaction  is  governed  by  the  vibrations  of  the 
oxide  lattice  elements  and  is  strictly  solid-phase. 

It  should  be  noted  in  this  connection  that  data  concerning  the 
reaction  of  salts  with  CaO  and  MgO  do  not,  even  on  first  inspection, 
support  such  a  conclusion,  since  the  tenqperatures  of  the  reactions  be¬ 
tween  each  of  these  oxides  and  the  various  salts  differ  widely.  More 
recent  investigations  (236,  237]  have  shown  that  the  difference  be¬ 
tween  the  noticeable -reaction  temperatures  for  the  various  sulfates 
with  a  given  oxide  may  be  reckoned  In  tens  and  hundreds  of  degrees. 
Thus,  the  "temperatures  of  marked  reaction  rate"  between  MgO  and  ltoSO|^^] 
Zn80f^  and  are,  respectively,  66o,  575,  550  and  539^  corres-  | 

ponding  temperatures  for  CaO  MgSO^,  MnSOij,  PeSO^,  ZnSOjj,  CuSO^, 

•bA  AggSO^,  arm,  rmspmctlvmly,  700,  6l0,  584,  540,  520,  444,  420",  etc. 
A  pattern  that  is,  at  first  glance,  more  or  less  surprising  Is 
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obtained  for  reactions  of  3a0  and  SrO  with  various  salts.  Here,  how¬ 
ever,  It  must  be  remembered  that  it  Is  possible  for  a  liquid  phase  to 
appear  due  to  melting  of  Ba(0H)2  &nd  Sr(0H)2  or  eutectic  mixtures  of 
these  substances  with  others.  It  is  known  that  the  melting  point  of 
Ba(0H)2  l8  about  387°,  while  that  of  Sr (OH) 2  la  about  495®;  mixtures 
of  these  substances  with  others  may,  of  course,  melt  at  lower  temj^r- 
atures. 

The  sixth  argument  of  Tammann  and  Khedval  had  as  Its  Intention  to 
support  the  proposition  formulated  In  their  fourth  argument.  The  mat¬ 
ter  Is  not  as  simple  as  the  reaction  between  the  salt  and  the  oxide 
taking  place  under  the  temperature  conditions  at  which  dissociation 
of  the  salt  taken  alone  proceeds  extremely  slowly,  as  assumed  by  Khed¬ 
val  [210]:  there  is  no  type  of  relationship  between  the  temperature  at 
which  the  oxide  reacts  with  the  salt  and  the  temperature  of  the  lat¬ 
er's  noticeable  dissociation  rate. 

I 

Khedval  applied  the  term  "temperature  of  onset  of  dissociation 
at  noticeable  rate"  of,  e.g. ,  a  sulfate,  to  the  temperature  at  which 
he  observed  that  a  barium  nitrate  solution  trapped.  In  a  certain  In¬ 
terval  of  time,  large  quantities  of  SO^  In  a  medium  of  Inert  gas  pass¬ 
ed  over  the  heated  sulfate.  However,  on  comparing  the  dissociation 
vapor  pressures  at  the  temperature  given  by  Khedval  as  that  of  marked 
decomposition  for  these  sulfates  (Table  I6),  we  see  at  once  that  Khed¬ 
val  'a  definition  of  the  "onset  of  dissociation  at  noticeable  rate"  was 
not  sufficiently  rigorous;  for  strontium  and  barium  sulfates,  for  ex¬ 
ample,  It  Is  obsei*ved  at  a  dissociation  vapor  pressure  reckoned  In 
fractions  of  a  millimeter  of  mercury,  while  for  cobalt  and  copper  sul¬ 
fates  the  value  Is  tens  of  millimeters  and  for  zinc  sulfate  hundreds 
of  millimeters  of  mercury. 

The  values  found  for  Khedval  for  temperatures  of  marked  decompoB- 
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Itlon  of  the  salts  apparently  depends  on  his  experimental  conditions » 
irtilch  were  not  always  uniform.  For  this  reason,  the  absence  of  a  link 
between  tlMse  values  and  those  obtained  on  the  basis  of  similar  deter¬ 
minations  of  the  temperatures  of  marked  rate  of  reaction  of  the  salts 
TABUS  16 

Temperature  of  Marked  Decomposition  of  Pure 
Sulfates  According  to  Xhedval  and  Ihelr  As¬ 
sociation  Vapor  Pressures  at  This  Tsmperattare 


^According  to  Vanyakov  (see  [246]},  Mostovlch 
[247]  and  others  1248]. 


1)  Sulfate  j  2)  tenperatiire  of  narked  decompo¬ 
sition  of  sulfate;  3)  dissociation  vapor  pres- 
siue  of  sulfate  at  temperature  t  In  me  Hg.  * 

with  oxides  does  not  form  an  adequate  basis  for  Inferences  as  to  Its 
meehanlsm. 

Also  Inadequate  for  such  Inferences  Is  the  establishment  of  a 
weak  dependence  of  the  rates  of  certain  reactions  between  solids  on 

*  i 

the  gas  pressure  over  them. 

The  view  Is  widely  held  that  the  rate  of  reaction  between  solids 
with  participation  of  a  gaseous  phase  (which  appears,  for  example,  as 
a  result  of  dissociation),  must  be  proportional  to  the  gas  pressure 
above  these  materials.  However,  this  standpoint  cannot  be  given  a  ri¬ 
gorous  theoretical  Justlflcatloti. 

If  the  process  consists,  for  example,  of  a  dissociation  reaction 
of  one  of  the  components  In  the  Initial  mixture 

Ti  Tg  +  Oas 

and  a  reaction  of  the  gas  that  has  been  liberated  with  the  second  com- 
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ponent  of  the  mixture  with  formation  of  a  solid  product: 

Oas  +  T^, 

the  change  in  gas  pressure  In  the  system  may  shift  both  the  equili¬ 
brium  and  the  rates  of  these  reactions  in  opposite  directions. 

It  is  clear  from  this  that  in  the  general  ease«  we  may  not  speak 
of  any  direct  or  indirect  proportionality  of  the  over-all  process  rate 
with  participation  of  a  gaseous  phase  to  the  gas  pressure.  Under  real 
conditions,  depending  on  the  nature  of  the  limiting  stage  (the  limit¬ 
ing  "elemental^"  process),  of  the  reaction  and  the  factors  determin¬ 
ing  its  rate,  the  latter  may  change  slightly  in  either  direction  as 
the  pressure  changes  in  a  given  direction,  and  this  change  may  be  vir- 
tvially  Imperceptible. 

The  question  as  to  the  mechanism  of  the  process  cannot  be  defin¬ 
itely  resolved  even  by  establishing  the  validity  of  one  diffusion- 

t 

kinetics  equation  or  another:  in  principle,  the  change  of  the  rate  of 
the  process  limited  by  diffusion  may  be  described  by  an  equation  of 
diffusion  kinetics  (in  particular,  by  the  Yaader  eqxiation  in  a  definite 
stage  of  the  process)  Irrespective  of  the  physical  state  of  the  diffus¬ 
ing  substance  -  solid,  liquid  or  gaseous.  It  Is  known  [249]  that  the 
equation 

(where  x  Is  the  thickness  of  the  layer  of  material,  K  Is  a  constant 
and  T  Is  time),  which  Is  analogous  to  the  Yander  equation.  Is  valid 
even  for  simple  filtration  of  a  liquid  or  gas  through  the  pores  in 
the  layer  of  solid  material  being  grown  In  this  process. 

The  above  analysis  of  Tammann  and  Khedval's  reasoning,  the  basic 
points  of  which  appeared  in  the  literature  of  the  day  [37,  230,  234, 
236],  and  the  nxunerous  experimental  data  concerning  the  reactlcna  that 
take  place  when  the  crystalline  mixtures  are  heated,  lead  us  to  infer 
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lljnitttd  validity  of  certain  premleea  of  the  TanBann-Khedval  theory. 

Zt  does  not,  of  course,  follow  from  this  that  chemical  reaction 
processes  between  the  grains  of  crystalline  solids  cannot  take  place 
or  are  nt;t  actually  encountered.  The  point  is  that  only  some  of  the  . 
real  processes  that  take  place  in  mixtures  of  crystalline  solids  when 
they  are  heated  can  be  classified  as  strictly  solid-phase. 

Many  of  the  processes  to  which  investigators  have  occasionally 
attempted  to  extend  the  Tammanni^edval  theory  actually  failed  to  con- 
fo^  to  it,  partly  because  of  the  inadequate  rigor  of  some  of  its  pre¬ 
mises  and  partly  (chiefly)  because  these  processes  actually 
place  with  participation  of  gases  and  liquid  phases. 

These  processes  do,  however,  belong  to  the  chemistry  of  solids 

to  the  extent  that  it  is  actually  concerned  with  study  of  reactions 
companled  by  the  widest  Imaginable  variety  of  physicochemical 
changes  to  the  initial  mixtures  of  crystalline  reagents. 

*  *  * . 

Conceptions  of  the  mechanism  of  reactions  taking  place  when  cry¬ 
stalline  solids  are  heated  were  developed  considerably  and  rendered 
concrete  as  a  result  of  the  studies  of  Vagner. 

I 

In  the  nineteen-thirties,  Vagner  and  Schottke  developed  a  thermo¬ 
dynamic  theory  of  solids  that  takes  lattice  distortions  and  impurities 
into  account  [250,  231].  Subsequent  studies  of  Vagner  [232,  233]  de¬ 
voted  to  the  theory  of  diffusion  in  solids  and  the  mechanism  of  new 
formations  in  them  are  based  on  this  theory. 

Ihe  conceptions  fonoulated  and  Ratified  in  these  studies  were 
primarily  concerned  with  the  process  of  metal  oxidation  at  high  temper 
atures,  but  they  were  subsequently  used  successfully  to  account  for 
many  diffusion  processes  In  salts,  silicates,  and  other  substances. 

According  to  Vagner,  diffusion  and,  consequently,  reactions  in 
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solids  are  effected  chiefly  by  the  mobility  of  the  Ions  and  electrons, 
which  Is  governed  by  the  nonequlllbrlvun  state  of  the  lattice.  There 
Is  no  diffusion  through  pores  and  along  grain  boundaries,  and  the  rate 
of  dlsplacenent  of  electrically  neutral  molecules  and  aton^  Is  negligi¬ 
bly  small.  Different  lattice  Ions  migrate  at  different  rates  Inside 
the  solid;  In  particular,  the  mobility  of  anions  Is  negligibly  small  In 
the  overwhelming  majority  of  cases  as  ccunpared  with  the  mobility  of 

t  < 

cations,  so  that  diffusion  and,  accordingly,  reactions  In  solids  v]?e 
Biost  frequently  effected  by  cation  migration.  Here,  diffusion  of  cer¬ 
tain  (like)  cations  may  occur  In  one  direction,  or  We  may  have  covinter- 
dlffuslon  of  Tinllke  cations,  e.g. ,  magnesium  Ions  In  one  direction 
and  aiimiiniim  lons  in  the  other,  opposite  direction.  In  the  latter  case, 
both  the  charges  and  the  rates  of  displacement  of  the  imllke  Ions  dif¬ 
fusing  counter  to  one  another  may  differ. 

Here,  Just  as  In  the  case  of  unidirectional  motion  of  Ions,  the 

electrical  neutrality  of  the  body  Is  retained  by  movement  of  electrons. 

2+ 

Thus,  motion  of  each  Mg  Ion  in  a  certain  direction,  which  Is  not 
compensated  by  countermigration  of  a  cation,  corz^sponds  to  the  dis¬ 
placement  of  two  electrons  In  the  opposite  direction.  The  motion  of 
the  lons  and  electrons  Is  accomplished  by  substitution  of  Ionic  and 
electron  vacancies,  respectively. 

Naturally,  the  mobilities  of  unlike  lons  In  a  system  cannot.  In 
principle,  be  strictly  Identical.  Thus,  the  mobilities  of  silver  and 
copper  lons,  with  whose  motion  the  reaction 

Agl  +  Cul  -*•  (AgCu)l 
Is  assoolated,  differ  by  approximately  30J(. 

However,  In  the  case  of  such  a  mobility  difference  In  the  differ¬ 
ent  lODS  in  the  systra,  there  arises  a  diffusion  potential  that  regu¬ 
lates  the  rate  of  migration.  Here,  the  migration  rate  of  the  more 
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awblle  ions  dlJBlnl8hs8«  i^lle  that  of  the  less  mobile  Ions  is  increased. 
As  a  result,  we  may  speak  of  some  average,  approximately  uniform  rate 
of  migratiMi  of  the  unlike  ions.  The  average  rate  of  ion  and  electron 
displacement  and  the  rate  of  the  entire  reaotion  in  the  crystalline 
phases,  tdiich  it  determines,  can  be  computed  following  Vagner,  on  the 
basis  of  the  electron  and  ion  mobilities  and  the  transfer  nuadMrs. 

Obviously,  directional  diffusion  of  ions  is  possible  only  in  an 
electric  field  or  when  there  Is  a  chemical  •potential  gradient  due  to 
the  presence  of  a  concentration  gradient  in  the  system.  In  the  absence 
of  an  electrical  or  chemical  potential,  the  ions  migrate  in  a  disorder¬ 
ed  fashion,  eq>ially,  on  the  average,  in  all  directions,  in  much  the 
same  way  as  particles  in  Brownian  movement  in  colloidal  solutions. 

Vagner  confirmed  his  reasoning  e3q>eriJDentaily  for  a  number  of 
systems;  they  agree  with  the  experimental  data  of  Tubandt  [234-256] 
and  certain  other  investigators. 

Using  a  special  apparatus  (Pig.  4l),  Vagner  [252]  demonstrated  the 
mechanism  by  which  siliwr  reacts  with  sulfur.  In  this  apparatus,  a  sil¬ 
ver  plate  was  isolated  from  the  molten  sullVir 
by  two  Identical  layers  of  a-AggS.  It  was  es¬ 
tablished  that  when  the  entire  system  .was  heat¬ 
ed,  e.g. ,  to  a  temperature  above  220^,  for  one 
hour,  the  weiid^t  of  the  silver  diminished  by 
108  mg,  while  layer  !  of  AggS  increased  in 
weight  by  2  mg  and  layer  II  gained  126  mg. 

The  stoichiometric  weight  of  AggS  as  conputed 
assuming  couple te  reaction  of  all  the  silver 
lost  by  the  metallic  plate  with  sulfur  should  be  124  mg. 

Thus,  it  was  shown  that  the  reaction  product  forms  only  in  layer 
II  and  that  the  reaction  actually  takes  place  at  the  (Ag2S)j2/S  phase 
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Fig.  4l.  Uagraa  . 
of  Vagner's  exper¬ 
imental  apparatus. 
1)  Sulfur;  2)  sil- 
verv 


boundary,  l.e.,  at  the  bovmdary  between  the  liquid  sulfur  and  layer  IX 
of  Ag2S.  Thla  Means  that  the  silver  Is  transferred  through  the  silver- 
sulfide  layers  to  the  interphase  between  the  (AggS)  and  the  sulfur, 
while  the  sulfur  does  not  pass  through  then.  Vagner  cceounted  for  the 
meohanisn  of  nass  transfer  In  the  reaction  described  by  referring  to 
these  data  and  the  fact  that  the  conductivity  of  AggS  at  the  tempera¬ 
tures  studied  is  nixed  and  Is  accomplished  by  simultaneous  transfer  of 
ions  and  electrons.  As  a  result  of  diffusion  In  the  AggS  layers,  a  con¬ 
centration  gradient  of  excess  Ag*^  Ions  Is  established  and,  as  Is  re¬ 
quited  for  conservation  of  electrical  neutrality,  migration  of  elec* 
trons  takes  place.  At  the  contact  boundary  between  the  AggS  and  the 
sulfur,  the  electrons  convert  sulfur  atoms  adsorbed  onto  the  AggS 
surface  into  ions,  which  then  occxipy  the  corresponding  positions  In  the 
anion  lattice.  Reaching  the  Interface,  the  As*"  Ions  occupy  the  places 
of  newly  created  holes  In  the  cation  lattice.  It  Is  for  this  reason 
that  the  AggS/S  Interface  displaces  toward  the  sulfur  as  the  reaction 
proceeds.  Diffusion  of  Ag'*'  through  the  AggS  Is  the  process  that  limits 
the  rate  at  which  this  reaction  proceeds. 

Tubandt  [235,  236]  showed  that,  for  example.  In  silver  halides, 
only  the  Ag***  ions  are,  for  practical  purposes,  mobile. 

The  press-cylinder  method  proposed  by  Tubandt  made  It  possible 
to  connect  the  kinetics  of  certain  reactions  with  .the  physical  char¬ 
acterization  of  the  Ions  forming  the  Initial  reagents. 

It  was  established  that  In  the  formation,  for  example,  of  spinels 
by  the  reaction 

MgO  +  Al,0,  -♦  MgAl/), 

mass  transfer  is  effected  by  the  small  Mg^***  (0.74A)  and  Al^  (O.57  A) 
ions,  wlhile|the  larger  oxygen  ions  (I.36A)  remain  In  their  positions. 

On  thl^  basis,  the  process  may  be  represented  by  the  following 
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1)  lonlo  dlffusloH;  2)  reaction  at  jdiase  bound- 
Ax^a*;  3)  preset. 

According  to  Vagner,  this  schenc  la  In  full  agreenent  with  data 
on  the  atructure  of  the  aplnel  lattice,  which  eonalata  of  an  ordered 
oxygen  framework  and  catlona  with  a  dlatrlbutlon  that  la  aomewhat 
dlaordered  [257,  258]. 

Cez^aln  reaetlona  In  alllcate  ayateaa  may  be  repreaented  In  a 
almllar  manner,  e.g.< 

MgO -f  MgSlO, 

In  thla  caae,  we  proceed  from  the  aaaunptlon  that  the  dlffualng  Iona 
are  Mg®^  and  Sl^: 


•  HfO 

wwo>sich 

MaO.SMk 

1  Momna  ju4jsm 

, 

’.IP.-' 

2  Pcamaa  m  rpaaaMX  ^ 

-V®.  •as' 

441V* 

3  l|p«R]nn; 

}MgO.SiO»  3(2Hg0*S102) 

1}  Ionic  dlffualon;  2)  reaction  at  phaae  bound- 
arlea;  3)  product. 

ihe  aohema  of  the  reaction  between  allver  and  rnroiuy  lodldea, 
aa  baaed  on  the  lonlo-dlffualon  oonc^tlon,  reducea  to  the  following! 
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l)  ionic  diffusion;  2)  reaction  at  phase  bound¬ 
aries;  3)  product.  J  .  Iodine. 


When  the  process  Is  effected  In  accordance  with  this  scheme,  the 
low-moblllty  Iodine  Ions  remain  In  position  for  all  practical  purposes. 

The  scheme  of  the  pz*oces8  In  which  mixed  (AgCu)!  crystals  are 
formed  from  silver  and  copper  Iodides  Is  Just  as  simple. 

The  differing  probabilities  that  Ions  of  different  sizes  will  mi¬ 
grate  Is  a  familiar  fact  In  crystal  chemistry  and  the  theoxy  of  solids, 
and  one  which  was  briefly  touched  upon  above.  Here,  It  should  be  stress¬ 
ed  that  in  an  ordered  lattice,  migration  of  even  relatively  small  ions 
that  do  not  possess  large  charges  (for  example,  Al^'*'  and  Si^)  is  high¬ 
ly  improbable. 

In  certain  cases,  e.g. ,  In  reactions  with  carbonates,  when  mlgra- 
iu- 

tlon  of  C  Ions  represents  a  highly  Improbable  phenomenon,  displace¬ 
ment  of  oxygen  Ions  In  the  lattice  Is  regarded  as  possible. 

It  Is  Important  to  note  that  the  Vagner  theory,  which.  In  Its  day, 
proiq>ted  numerous  objections,  has  turned  out  to  be  quite  fruitful:  it 
makes  It  possible  to  accovint  for  certain  diffusion  and  chemical  pro¬ 
cesses  In  solids  and  to  establish,  for  example,  a  relatlcmshlp  between 

the  diffusion  of  Ions  and  Ionic  conductivity  (a  detailed  expz^sslon  of 

1  . 

the  problems  concerned  here  was  given  by  Khaufe  [239,  260]. 

However,  as  follows  from  the  Frenkel'  theory  [44,  43]  and  Is  in¬ 
dicated  by  exact  Investigations  using  the  tagged-atom  method  [223,  26l], 

-  182  - 


the  actual  pattern  of  the  diffusion  process  accompanying  a  reaction 
in  a  solid  mixture  does  not  necessarily  correspond  to  the  Vagner  con¬ 
ception  and  does  so  in  far  from  all  eases.  In  many  oases,  we  deal  with 
diffusion  of  uncharged  particles  -  atoms  and  molecules. 

$3*  ORIQIN  AND  QROWra  OF  SEEDS  OF  NEW  PHASE.  ROIE  OF  INTERPKASE  SUR¬ 
FACE 

It  has  been  established  by  investigation  of  various  processes 
in  which  new  phases  form  that  an  Important  and  frequently  observable 
stage  in  xoany  of  them  (including  certain  reactions  in  solids)  is  the 
appearance  and  growth  of  seeds  of  the  crystalline  product. 

This  stage  has  been  observed  In  thermal -decomposition  reactions 
of  many  solids, such  as  crystal  hydrates  [262-264],  oxalates  [265, 

266],  barium  azide  [266,  2671, ammonium  bichromate  [268]  and  the  like. 
Reactions  of  this  type  incorporate  processes  in  which  Initial  reaction 
centers  are  formed,  subsequent  development  of  stable  nuclei  of  the 
product  from  these,  and  thz^e -dimensional  growth  of  the  latter  with 
formation  of  a  boundary  between  the  old  and  the  new  phases. 

In  the  presence  of  the  [boundary],  the  process  In  which  seeds  of 
the  new  phase  originate  is  localized  preferentially  or  even  completely 
at  this  boundary. 

This  proposlticm,  irtiich  Is  difficult  to  prove  experimentally  by 
any  form  of  direct  measurement,  has  been  given  numerous  Indirect  and 
quite  convincing  canfinaaticxis.  These  Include  data  on  the  kinetics  of 
certain  reactimis. 

The  fact  is  that  acknowledging  Iboalization  of  the  process  at  the 
interphase  surface  is  equivalent  to  acknowledglhg  its  autocatalytlc 
nature;  it  has  beeii  established  experimentally  by  various  authors 
(263-270)  for  maagr  casas. 

Jm  interesting  method  for  demonstrating  the  catalysis  of  certain 
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Fig.  42.  Maxi-  - 
mum  theznal-de- 
eomposltion  rate 
of  mercury  oxa¬ 
late  as  a  func¬ 
tion  of  area  of 
preparation  pre- 
vloualy  bombard¬ 
ed  by  electrons 
at  a  temperatxire 
of  218*.  1)  6  In 


reactions  by  their  solid  products  was  employed  by 
Oslnovlk  [266].  Studying  the  thermal-decomposition 
reactions  of  certain  compounds,  he  showed  that 
preliminary  creation  of  an  Inltlal-substance/pro- 
duct  Interphase  surface  by,  for  example,  partial 
Illumination  of  silver-oxalate  preparations  and 
bombardment  of  barlxun  azide  and  mercury  oxalate 
preparations  with  monoenergetlc  electrons  accel¬ 
erates  their  thermal  decomposition  considerably 
(Fig.  42).  As  was  shown  by  Oslnovlk,  breakdown  of 
the  phase  boundary  between  the  Initial  substance 
and  the  reaction  product  by,  for  example,  mechanl- 
•1  rubbing  of  a  partially  Illuminated  silver  oxa- 


§  *tt  at  no 

OftMnOmm 


late  preparation,  results  In  a  decrease  In 
the  rate  of  thermal  decomposition  of  this 
preparation  (Fig.  43). 

In  both  the  formation  and  the  disappear¬ 
ance  of  a  crystalline  phase,  the  migration 
of  the  particles  forming  It  does  not  take 
place  In  a  statistically  remdom  fashion,  but 
In  definite  directions,  which  depend  on  the 
crystallographic  form  of  the  Initial  phase. 


Fig.  43*  Thermal -de- 
conposltlon  of  silver 
oxalate.  Kinetics  of 
process  at  120*.  1) 
Ohlllumlnated.  sped-  ./ 
men;  2)  Illuminated  . 
unrut^bed  specimen; :  . 

3)  Illuminated  rubbed 
specluen.  AP/dt  In  mm 
Hg/mli.  A)  Time  In 
mlnutJB. 


As  we  know,  the  growth  of  a  heteropolar 
crystal  from  a  vapor  or  solution  takes  place 
by  deposition  of  particles  first  at  tte 
points  or  on  the  edges  of  the  regulen:*  ez7S- 
tal,  and  then  by  successive  laying -on  of 
particles  around  a  row  of  elements  that  have 
already  been  secured.  This  procedure  is  re- 
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peated  In  the  growth  of  each  suceesalve  layer  of  the  crystal.  Here* 
the  geonetrical  complex  that  arises  Is  similar,  as  shown  In  Fig.  44, 
to  the  Initial  complex. 

If  the  planes  of  the  lattice  shown  in  Fig.  44  are  in  eontaet  with 
a  supersaturated  solution  of  the  substance  of  which  the  lattice  Is  con¬ 
structed,  a  new  layer  of  the  lattice  will  be  arranged  In  accordance 
with  Figure  a.  The  difficulty  and  rate  of  formation  and  development  of 
the  various  geometrical  complexes  of  the  crystal  vary,  and  this  makes 
It  anisotropic  (page  11 )• 

b 


Pig.  44.  Probable  (a)  and  lnq;>robable  (b  and  c) 
arrangement  of  geometrical  complexes  of  Ions 
separated  out  during  crystallization  of  sub¬ 
stance  on  (001)  face  of  NaCl-type  lattice. 

1)  First-layer  cations;  2)  first- layer  anions; 

3)  second- layer  cations;  4)  second-layer  an¬ 
ions. 

Such  Is  the  tentative  scheme  of  the  elementary  crystallization 
process.  It  Is  also  the  actual  process  for  other  more  complex  cases  of 
crystallization.  Including  crystallization  from  vapor  and  from  the 
melt,  crystallization  accompanying  the  decomposition  of  solids,  reduc¬ 
tion  of  metals  from  the  oxides,  formation  of  oxide,  halide,  sulfide 
and  other  films  on  metals,  polymorphic  transformations  (pages  145>136), 
and  so  forth.  The  unfolding  of  a  crystallization  process  In  accordance 
with  the  orientational  scheme  may  be  Illustrated  by  reference  to  the 
example  of  fornwtlon  of  the  oxide  T-FegO^  on  pure  (Armco)  Iron. 

According  to  Dankov  (271,  272)  and  Nel'son  [273],  the  (111)  plane 
In  the  Iron  lat:ice  Is  parallel  to  the  (210)  plane  In  the  lattice  of 

-  185  - 


the  oxide  y-P«2®3  surface 

of  iron.  Here,  these  lattices  are  con* 
Jugated  with  one  another  by  planes  of 
cubes  whose  sides  are  turned  through 
a  angle  with  respect  to  one  an* 
other  (Pig.  43).  The  dimensions  of  the 
limited- similarity  geometrical  com¬ 
plexes  through  which  these  lattices 
are  conjugated  differ  from  one  an-  . 
other  (see  Fig.  43)  by  approximately 
2.6^.  All  of  this  is  in  agreement 
with  electron  diffraction  data  ob¬ 
tained  in  oxidation  of  iron  [271>273) 
and  with  observations  made  during  re¬ 
duction  of  Fa^Oj^  [274). 

On  the  basis  of  theoretical  con¬ 
siderations  and  voluminous  experi¬ 
mental  data  similar  to  those  presented  above,  Dankov  [275,  276]  formu¬ 
lated,  in  his  time,  the  Important  principle  of  orientational  and  di¬ 
mensional  correspondence  between  crystalline  structures,  which  deter¬ 
mines  the  direction  of  chemical  transformations  at  the  boundary  between 
two  phases.  According  to  this  principle,  the  chemical  transformation  at 
the  surface  of  the  solid  develops  in  such  a  way  that  the  configuration 
of  the  atoms  of  the  initial  solid  phase  will  be  retained  (or  almost  re¬ 
tained)  in  the  new  solid  phase  as  well .  The  new-phase  lattice  that 
arises  in  this  crystallization  process  is  conjugated  with  the  crystal 
lattice)  of  the  initial  phase  by  similar  crystal  planes  whose  parameters 
differ  from  one  another  only  slightly. 

I 

In  accordance  with  this  principle,  the  emergence  of  a  new  crys- 
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Fig I  43,  Correspondence  be¬ 
tween  crystal  lattices  of 
a- iron  (a)  and  Y-PegO^  (b). 

Only  atoms  on  the  surface 
of  the  (001,  010,  100)  faces 
are  shown  in  the  iron  lat¬ 
tice  j  only  the  superficial 
iron  atoms  are  shown  in  the 
elementary  Y'FegO^  cell. 


talllne  phase  at  the  boundary  with  the  existing  phase  during  thermal 
decomposition  of  a  solid  takes  place  with  the  formation  of  a  forced, 
unstable  crystalline  structure  in  which  the  atoms,  are  arranged  in  a 
definite  correspondence  with  the  positions  of  the  same  atoms  in  the 
initial  lattice  of  the  substance.  This  unstable  structure  then  goes 
over  into  the  normal  structure  that  is  stable  under  the  conditions  in> 
voived. 

It  should  be  noted  that  in  certain  cases,  the  process  of  new- phase 
formation  may  take  place  Independently  of  the  orienting  forces  of  the 
initial  phase.  Here,  the  seeds  of  the  new  phase  acquire  a  random 
orientation  with  respect  to  the  Initial  crystalline  surface  and  there 
Is  no  orientation  correspondence.  Strictly  speaking,  the  phase  trans¬ 
formation  at  the  surface  of  the  solid  goes  In  the  direction  of  forma¬ 
tion  of  a  new  crystal  lattice  that  Is  in  orientational  and  dimensional 
correspondence  with  the  crystal  lattice  of  the  Initial  surface  in  cases 
where  the  deformation  energy  E  of  the  two-dimensional  lattice  of  the 
new  phase  Is  smaller  than  the  work  of  formation  A  of  the  seed.  On  the 
other  hand.  If  E  >  A,  the  process  goes  in  the  direction  that  does  not 
depend  on  the  structure  of  the  Initial-phase  surface  [276]. 

In  connection  with  the  above  statements  concerning  the  role  of 
the  Interphase  surface,  it  will  be  advisable  to  touch  upon  the  possi¬ 
bility  of  accelerating  the  reaction  by  addition  of  its  product  to  the 
initial  substance.  In  many  cases,  attempts  at  such  acceleration  pro¬ 
duce  no  effects,  a  circumstance  that  may  be  accounted  for  on  the  basis 
of  the  orientational-correspondence  principle. 

The  product  introduced  from  without  may  not  be  related  to  the 
initial  substance  energetically  and  sterlcally  to  the  same  degree  as 
the  product  that  'is  formed  in  the  reaction  process.  Energetically  and 
structurally,  these  reaction  products  are  not  Identical.  Naturally,  the 
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product  Introduced  from  without  cannot  have  the  same  effect  on  the  re> 
action  as  the  emerging  primary  crystalline  phase,  whose  structural  ele« 
ments  are  In  definite  spatial  crystalline  correspondence  with  the 
structural  elements  of  the  initial  phase  [266]. 

$4.  PART  TAKEN  BY  GASEOUS  AND  LIQUID  PHASES 

Participation  of  liquid  and  gaseous  phases  in  reactions  between 
solids  has  an  important  influence  on  the  conditions  of  the  process,  and 
chiefly  on  the  size  of  the  reaction-surface  area  between  the  reagents. 

If  the  process  is  taking  place  in  the  presence  of  a  gas  or  liquid, 
they  will  wash  the  grains,  so  that  the  area  of  the  reaction  surface 
will  be  equal  or  closely  similar  to  the  grain  area  of  one  of  the  re¬ 
agents. 

If  the  process  is  taking  place  by  direct  interaction  between 
solid  particles,  the  size  of  the  reaction-surface  area,  may  be  of  a 
totally  different  order.  With  the  usual  grain  sizes  in  the  real  granu¬ 
lar  masses  (1  to  10~^  cm),  the  average  distance  between  neighboring  . 
grains  (page  46ff),  which  Is  reckoned  in  millimeters  or  microns,  is  10^ 

7 

to  10'  times  the  effective  radii  cf  the  atomic  and  other  forces  linking 
the  structural  elements  of  the  crystal  lattice,  which  are  reckoned  in 
angstroms.  When  the  part  taken  by  siirface  diffusion  in  such  masses  is 

7  i| 

insignificant,  their  reaction  surface  comes  to  only  10  '  to  10  of  the 
total  grain  area.  Under  these  conditions,  the  area  of  chemical  reac¬ 
tion,  which  is  effected  by  direct  contact  between  solid  particles,  is 
smaller  by  a  factor  of  10  to  10'  (normally  about  10  )  than  in  a  re- 

t 

action  effected  through  a  gaseous  or  liquid  phase.  The  value  of  the 
direct- Intergranular- contact  area  for  a  grain  size  R  «  1  to  lOT^  cm 
may  be  reckoned  as  being  of  the  order  of  10“^  to  10“^  cm^  per  1  cm^  of 

reacting  mess  (see  SMUc  lO). 

For  a  reaction  to  proceed  by  direct  interaction  between  granules 
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of  the  crystalline  reagents,  mai;s  transfer  of  at  least  one  of  them 
through  a  solid  layer  of  product  to  particles  of  the  other  la  neces* 
sary.  In  cases  where  a  dense  layer  of  product  Is  formed,  mass  transfer 
takes  place  by  Internal  diffusion.  As  we  know,  the  values  of  the  dlf*'. 
fusion  coefficient  D  of  solid  into  solid  lie  in  the  range  from  10“^  to 
10  cm  /sec  [88,  89],  while  the  specific  gravity  of  crystalline 
solids  (in  g/cm^)  and  the  motive  force  of  the  pirocess  (expressed  in  di¬ 
mensionless  form)  are  reckoner]  'n  units. 

If  we  take  these  data  into  account,  we  may  conclude  on  the  basis 

of  a  simple  calculation  that  when  surface  diffusion  takes  a  negligible 

role,  the  extent  of  conversion  of  solids  after  1  hour,  when  it  is  re- 

—8 

strlcted  to  diffusion  by  the  above  mechanism,  amounts  to  10  to  1%,  de- 

o 

pending  on  the  values  of  R  in  cm  and  D  in  cm  /sec. 

However,  the  actual  rate  of  many  of  the  reactions  that  take  place 
when  mixtures  of  solids  are  heated  Is  at  least  two  orders  and,  much 
more  often,  four  orders  higher  than  the  rate  obtained  by  a  calculation 
of  this  type.  In  industry,  practically  complete  chemical  transforma¬ 
tion  of  crystalline  mixtures  is  obtained  after  15-20  minutes  of  heating 
or  less.  According  to  Khedval  [210],  many  of  the  reactions  in  solid 
mixtures  that  he  studied  go  almost  to  completion  in  a  few  seconds  or 
even  fractions  of  a  second. 

Under  the  conditions  described,  therefore,  the  theoretical  rate 
of  mass  transfer  through  contact  zones  In  a  powdered  solid  is  many 
times  smaller  than  the  rate  of  mass  transfer  that  Is  frequently  ob¬ 
served  in  actuality  when  powdered  solids  react.. 

It  follows  from  this  that  In  these  cases,  which  are  observed  fre¬ 
quently  in  practice,  either  surface  diffusion  plays  an  essential  role 
or  mass  transfer  Is  effected  not  through  the  usual  contact  zones  In 
the  free-poured  powder,  but  preferentially  or  almost  completely  by 
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oth«r  paths.  Zn  other  words,  there  occurs  In  these  eases  either  the 
first  or  the  second  of  the  previously  discussed  (page  88)  variance  of 
dlffualm  between  the  grains  of  a  powdered  solid.  Coed>lnatlwM.  of 
these  variants  are,  of  course,  also  possible.  On  ^realisation  of  either 
of  then,' the  entire  grain  surface  of  the  powder  mixture  may  partlel- 
pate  in  the  mass-transfer  process,  and  this  will  ensure  a  hl^  reaction 
rate. 

In  principle,  the  first  variant  does  not  require  conversion  of  the 
reagent  to  the  liquid  or  gaseous  state. 

If  the  second  variant  Is  realized,  the  process  leaves  the  range 
of  conditions  restricted  by  the  action  of  the  bonds  between  the  crys¬ 
tal-lattice  elements,  l.e..  It  requires  that  the  solid  be  converted 
from  the  crystalline  Into  the  liquid  or  gaseous  state. 

Indeed,  It  is  sufficient  to  allow  participation  of  a  gaseous  or 
liquid  phase  In  the  reaction  to  account  for  Intensive  mass  transfer 
from  one  reagent  to  the  other  during  the  process  of  a  reaction  between 
crystalline  solids. 

If,  for  example,  solids  A  and  B  react  with  one  another  to  form  a 
solid  product  AB  according  to  the  scheme 

"I"  AB^ 

then  particles  of  reagent  A,  undergoing  sublimation  In  this  process, 
come  Into  contact  with  the  entire  surface  area  of  the  B  grains  and, 
after  fonnlng  a  layer  of  the  product  AB  on  them,  diffuse  through  the 
latter's  entire  surface  at  the  rate  characteristic  of  gas  diffusion 
In  a  solid.  In  this  case,  rapid  unfolding  of  the  process  Is  ensured 
by  the  large  areas  of  the  reaction  surface  and  the  cross  section  of 
the  diffusion  flow,  as  well  as  by  the  frequently  high  value  of  the 
diffusion  coefficient. 
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In  general,  many  other  variants  of  the  reaction  mechanism  In  a 
solid  mixture  are  possible  with  participation  of  gases  and  liquids. 
However,  the  difference  between  the  theoretical  and  actual  reaction 
rates  for  any  of  these  variants  when  there  Is  a  rather  large  average 
distance  between  the  grains  of  the  Initial  reagents  and  a  negligibly 
small  contact  surface  between  them  Is  for  all  practical  purposes  neg> 
llglble.  It  Is  clear  from  this  that  the  part  taken  by  gaseous  and 
liquid  phases  In  reactions  ^een  solids  may  be  highly  significant. 

An  Indication  of  the  importance  of  this  role  of  liquid  end 
gaseous  phases  In  many  such  reactions  Is  the  practically  uniform  par¬ 
ticipation  of  the  entire  surface  area  of  the  grains  o^  the  Initial 
mixtures  In  them.  As  we  know  [li8,  277  and  others].  Irrespective  of 
the  presence  and  rate  of  surface  diffusion,  formation  of  the  product 
In  many  such  reactions  takes  place  uniformly  from  beginning  to  end 
of  the  process  over  the  entire  surface  of  the  grains  of  the  "coated" 
reagent,  different  zones  of  which  nave  differing  distances  from  the 
points  of  contact  with  the  grains  of  the  other  reagent(s).  This  can 
be  accounted  for  only  by  the  action  of  liquid  or  gaseous  substances 
on  the  surface  of  the  grains  of  the  "coated"  reagent. 

Assuming  that  the  role  taken  by  gaseous  and  liquid  phases  in  the 
processes  of  chemical  conversion  of  a  solid  mixture  is  of  great  Im¬ 
portance  for  characterization  of  their  mechanism,  we  can  classify 
these  processes  Into  the  following  groups: 

1)  processes  of  direct  reaction  between  grains  of  the  solids; 

2)  processes  taking  place  with  participation  of  a  gaseous  phase; 

3)  processes  taking  place  with  participation  of  a  liquid  phase; 

4)  processes  taking  place  with  simultaneous  participation  of 
gaseous  and  liquid  phases. 

The  mechanism  of  processes  In  which  a  solid  mixture  Is  converted 
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with  participation  of  gaseous  and  liquid  phases  admits  of  rather  de- 
tailed  analysis  and  description  [234]  taking  Into  account  the  essen¬ 
tial  nature  and  sequence  of  the  basic  physicochemical  transformations 
making  up  these  processes.  Reactions  taking  place  between  solids  In  the 
presence  of  a  gaseous  phase  may  represent  various  combinations  of  the 
following  slntple  transformation  types: 

sublimation  of  a  solid; 

dissociation  of  a  solid; 

reaction  of  a  solid  with  a  gas  to  form  a  solid,  l.e.,  the  reverse 
of  the  ]>receding  process; 

reaction  between  two  gases  to  form  a  gas. 

Conversions  taking  place  in  a  solid  mixture  with  participation  of 
a  liquid  phase  may  represent  various  combinations  of  the  following 
phenomena: 

fusion  of  a  solid; 

reaction  of  a  solid  with  a  liquid  to  form  a  solid; 

reaction  between  liquids  to  form  a  solid  product  that  crystal¬ 
lizes  from  the  liquid  phase. 

Investigation  of  the  so-called  solid-phase  reactions  In  which 
solid,  liquid  and  gaseous  phases  coexist  and  participate  may  be  re¬ 
duced  for  practical  purposes  to  analysis  of  the  reactions  of  a  liquid 
with  a  gas  In  the  presence  of  a  solid  and  of  a  solid  with  a  gas  in  the 
presence  of  a  liquid. 

Let  us  devote  brief  consideration  to  the  basic  variance  of  the 
possible  mechanism  of  solid-mixture  reactions  taking  place  with  par¬ 
ticipation  of  gaseous  and  liquid  phases. 

I  It  Ifli  convenient  to  adopt  the  following  designations .for  this 
purpose: 

A,  B,  C,  etc.  -  the  substances  forming  the  Initial  or  final  com- 


pounds  In  the  process  In  question*,  e.g.,  CaO,  SO^,  Si02>  etc. 

AB,  AC,  BD,  etc.  —  combination  products  of  substances  A,  B,  C, 
etc.,  e.g.,  CaSO|j,  2Ca0*S102,  etc. 

The  subscripts  t,  zh,  g  [solid,  liquid,  gas]  -  the  physical  states 
of  the  substances. 

To  characterize  the  mechanism  of.  processes  taking  place  with  paiv 
ticipation  of  a  gaseous  phase,  it  is  necessary  to  ascertain  the  possi¬ 
ble  ways  in  which  substances  A ,  B,  and  so  forth,  can  be  converted  into 
the  gaseous  phase  before  or  during  chemical  reaction  between  the 
initial  reagents.  Here  it  must  be  remembered  that  a  reaction  in 
the'  presence  of  a  gaseous  phase  requires  only  that  one  of  the  Initial 
reagents  or  a  substance  split  off  from  it  be  converted  to  that  phase 
in  one  form  or  another;  hence  the  second  reagent  can  be  left  solid  and 
chemically  unchanged  until  the  gas  formed  from  the  first  component  be¬ 
gins  to  act  upon  it. 

Taking  this  into  consideration,  we  may  reduce  the  possible  states 
of  a  reagent  in  processes  taking  place  with  participation  of  a  gaseous 
phase  to  the  following: 

a)  the  unmodified  (in  the  above  sense  of  the  wo]?d)  state; 

b)  sublimation,  e.g.,  in  accordance  with  A^  -»  A  ; 

c)  dissociation,  for  example  in  accordance  with  AB^  -*  A_  +  B,.; 

d)  conversion  into  a  gaseous  product  by  reaction  with  a  third 
(gaseous)  component  present  in  the  system,  e.g.,  in  accordance  with 

t  g  g 

The  reaction  between  substances  that  are  the  result  of  states 
b,  c  and  d  of  one  component  and  a,  b  and  £  of  another  component  of 
the  initial  mixture  may  be  represented  as  in  Table  17. 

The  iBOSt  I  important  of  the  processes  enumerated  in  the  table  - 
I,  III,  nr,  nW,  VI,  "Vlg,  VIl,  ITIIa,  IX  and  IXa  —  take  place  in  ac- 
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1  2  cscfMnt 

1  ^ 

1  I 

14  JfKTM 

IX 

"■*  - - 

T.+T,(+rd 

T,+r, 

IXt 

T,+T,t+r,) 

1)  Initial  reagents:  2)  physical  state;  3) 
Initial  reagents;  4)  final  products. 


To  characterize  the  mechnlsm  of  processes  taking  place  with  par« 
tlclpatlon  of  a  liquid  phase,  we  present  the  possible  paths  of  con¬ 
version  of  the  components  Into  the  liquid  phase  in  a  manner  similar  to 
the  above.  This  transition  may  take  place  by  melting  of  either  the 
pure  reagent  or  a  more  or  less  low-melting  mixture  formed  by  two  re¬ 
agents  or  one  of  them  with  the  reaction  product,  or  by  one  of  them 
with  an  Inert  substance  I  present  In  the  Initial  mixture,  and  so  forth. 

The  possible  states  (before  the  beginning  of  chemical  conversion) 
of  the  reagent  In  reactions  between  two  substances  that  take  place 
with  participation  of  a  liquid  phase  can  be  reduced  basically  to  the 
following: 

a)  the  unmodified  physical  state; 

b)  fusion  of  the  pure  reagent; 

c)  fusion  of  a  mixture  of  reagent  1  plus  reagent  2; 

d)  fusion  of  a  mixture  of  reagent  with  product; 

e)  fusion  of  a  mixture  of  a  reagent  with  an  Inert  substance; 

f)  fusion  of  a  mixture  of  reagent  1,  reagent  2  and  an  Inert  sub¬ 
stance; 

g)  fusion  of  a  mixture  of  reagent  1,  reagent  2  and  the  product; 

h)  fusion  of  a  mixture  of  a  reagent,  the  product,  and  an  Inert 

substance. 

Excluding  the  states  that  can  be  eliminated  logically  In  analyzing 
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the  combined  behevlor  of  two  reagents,  we  may  compile  the  following 
Hat  of  basic  variants  of  the  mechanism  of  such  proceasess 


ImcMMNM  9t**«**M 

- r.. 

9  mtmmm 

^  ftMMtW 

X 

T.+T, 

Xa 

T,+T, 

V 

XI 

T,+T, 

XI 

T,«-T|| 

xm 

T.+T,(+TJ 

T.I+TA 

XIV 

T.+T, 

XV 

+  B), 

T.+T, 

XVI 

A  +  lOb 

Am  +  Br*ABt 

T.+T.C+T.) 

T.C+Ti 

1)  Initial  reagents:  2)  physical  states  3) 
initial  reagents;  4)  final  products. 


It  Is  Important  to  note  that  in  all  of  the  processes  of  chemical 
conversion  of  solids  described  above  as  taking  place  with  participa¬ 
tion  of  a  gaseous  phase,  we  begin  with  solid  reagents  and  obtain  a 
solid  product.  Nevertheless,  In  some  of  these  processes,  a  reaction 
takes  place  between  the  solids  and  a  gas,  while  in  others  the  solid 
as  such  does  hot  enter  into  reaction  at  all  with  other  substances,  and 
In  no  such  process  Is  there  direct  Interaction  between  solids. 

As  concerns  the  processes  of  chemical  transformation  of  a  solid 
mixture  that  take  place  with  participation  of  a  liquid  phase.  In  none 
of  them  Is  there  any  significant  reaction  between  solid  and  solid,  al¬ 
though  superficially,  on  the  basis  of  the  physical  state  of  the  Initial 
svibstances  and  the  final  products,  these  processes  again  show  no  dlf- 
f^rences  from  the  strictly  solid-phase  processes  In  the  overwhelming 
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Mjorlty  of  easea. 

It  will  be  helpful  to  give  a  brief  description  of  the  processes 
enumerated  above  and  to  Illustrate  some  of  them  with  exasiplea. 

In  this  process^  sublimation  of  solid  reagent  A  takes  place  first,  | 
followed  by  reaction  of  gaseous  A  with  solid  B. 

*  ■  .  i 

As  examples  of  this  type  of  process,  we  may  cite,  on  the  basis  of 

experimental  data  obtained  by  various  authors  [223,  278,  2791,  the  re> 

action  between  zinc  and  aluminum  oxides  to  form  spinel: 

ZnO  +  AI,Oa-  ZnAl^: 

ZnO~^ZnOn, 

ZnO,„ -I- AlA ZnO- AIA 

and  the  combination  of  silver  iodide  with  mercuric  iodide: 

HgJ,  -f  2AgJ  -*  AgjHgJ,: 

HgJ,  HgJiM,. 

HgJ^M + 2AgJ  -*•  Ag,HgJ|. 

The  process  by  which  silicon  monoxide  is  reduced  in  formation  of 
silicon  carbide  from  silica  and  carbon  proceeds  by  the  same  route 

[280,  281]: 

SiO,  -  SiO«, 

■sio,„+2c;isic-f  CO. 

Here,  silicon  monoxide  is  formed  by  dissociation  of  the  dioxide: 

2SiO};22SlO-f  0| 

or  by  the  reaction  between  It  and  elementally  silicon,  which  is  present 
In  liquid  form  [280,  282  and  others]  In  the  reaction  zone: 


sa+si.s4sio. 

None  of  this  excludes  the  possibility  of  reduction  of  the  silica  also 
by  the  carbon  monoxide  formed  In  the  course  of  the  process.  Either 
way,  there  Is  actually  no  direct  Interaction  between  solids  in  the 
reaction  SIO2  +  3C^  SIC  +  2C0,  even  though  the  initial  reagents  were 
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•olid. 

Zn  this  proeo8»«  ••  In  the  preceding  process »  sublinstlon  of  the 
solid  A  tskes  piece.  The  solid  BC  dissoclstes  snd  the  solid  residue 
(product)  t'jot  its  dissociation  Internets  with  the  gsseous  A. 

On  the  bssis  of  dsts  on  the  volatility  of  molybdenum  oxide  [243. 
245],  we  may  state  that,  for  example,  the  reaction  of  MoO^  with  calcium 
carbonate  takes  place  in  this  way: 

CaCO,  +  MoOk  -  CaMoO, + 00b. 

MoO-,  -► 

CjiCOj  CC^+ CaOt 
AteO„„+CaO  >CaMoO,. 

Here,  dissociation  of  one  of  the  coiq>onsnts  of  the  Initial  mlx>> 
ture  and  bonding  of  the  gas  evolved  In  the  process  by  Its  second  com* 
ponent  take  place. 

Ve  may  assume  on  the  basis  of  the  conception  of  continuous 

dissociation  of  salts  of  oxygen- containing  adds  (sulfuric,  phosphoric, 

carbonic,  and  others)  and  oxides  of  metals  under  any  temperature  cpn. 

dltlons  that  reaction  processes  between  such  salts  and  oxides  of 

metals  take  place  by  this  route,  as,  for  example, 

CuSO,  +  PbO  -  CwO  +  PbSO,: 

CttSO«-«'SQt+Cna 
SO,  +  PbO-PbSO, 

as  do  reactions  between  metal  oxides  and  metals,  as,  for  example, 

CnO  +  Mg-MgO  +  Cu: 

2CiK>-«'0,  +  2Cb, 

0|  4*'2Mg  -*■  2<Mg^ 

The  validity  of  the  last  scheme,  which  represents  the  mechanism  'ptr.^ 
reaction  between  a  metal  oxide  and  a  metal,  has  been  established  by  a 
series  of  investlgaticma  eomdkieted  by  Son^let  scientists  in  the  field 


of  the  theory  of  metallvirgical  proceesee  (227*  283,  284]. 
m.  Af-^C.-rAC,). 

This  process  differs  from  the  preceding  in  the  formstlon  of  a 
gas<^s  product  AC  In  the  reaction  of  one  of  the  solid  reagents  with 
the  gaseous  product  A  of  dissociation  of  the  other  solid  reagent. 

O 

According  to  Tammann  [283],  the  processes  in  which  metals  are  re¬ 
duced  from  their  oxides  by  so^d  carbon,  which  are  highly  important 
for  industry,  take  place  preferentially  in  accordance  with  this  scheme: 

2MeO-2Me  +  Ob. 

2C+0,-^2CO 

or 

C  -}-  0|  ^  CO|. 

CO,  +  C-*2CO, 

2C0  +  0,-2C0,. 

In  actuality,  the  part  taken  by  this  scheme  in  processes  in  which 

carbon  is  used  to  reduce  metallic  oxides  is  quite  limited. 

IVb#  A,4- AC,;  A,+5f),  •+ A5D,; 

ABDt-*A,  +  AB,  +  AD^ 

In  this  case,  one  of  the  gaseous  dissociation  products  of  the 
solid  ABC  (not  indicated  in  Table  17)  reacts  with  solid  BD.  The  product 
ABD  of  this  reaction  dissociates,  forming  a  solid  AD  and,  in  much  the 
seune  way  as  the  dissociating  ABC,-  gaseous  A  and  AB. 

One  variant  of  this  process  is  the  case  in  which  an  initial  mix¬ 
ture  contains  BC  —  a  compound  of  some  of  the  elements  that  form  its 

fw 

second  component  ABC  —  instead  of  BD. 

It  may  be  assumed  on  the  basis  of  the  work  done  by  a  number  of 
investigators  [236,  237*  248,  286*,  341]  that  the  mechanism  by  which 
sulfates  react  with  sulfides  corresponds  to  this  scheme. 

In  the  particular  case  when  the  initial  mixture  consists  of  a 
sulfate  (ABC)  and  a  sulfide  (BC)  of  the  same  metal,  e.g.,  zinc,  the 
reaction  between '|them 
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aZiiSO«+ ZnS -«>  4ZnO.«f  4S0b 
r«4ucM  to  tho  roaetlont 

ZnSQ,^n6+iS0t'-  '  ^ 

SC^^SQ,+^0^',  :  *  ■..r-v 

••2(\  +  ZnS-«>ZiiSQ,  etc, ;i -J-V ;■ 

In  th«  general  ease,  oxides  of  two  metals  may  be  present  in  the 
solid  products  of  the  process* 

VI.  -fit,  +  A,:  CD,-*C,  +  />,;  A,  +  D,-*ADJ. 

Dissociation  of  the  Initial  components  AB  and  CD  and  chemical 
reaction  of  the  gaseous  dissociation  product  of  one  of  these  coppo- 
nents  with  the  solid  dissociation  product  of  the  other  take  place  In 
this  process. 

me  reaction  between  copper  sulfate  and  calcium  carbonate  may  ob> 
vlously  serve  as  an  example  of  such  a  process: 

COSO,  +  CaCO^  ^  CaSO«  +  CaO + Opp 
Ci]SO,-*>S(\+C«IX 
CaCQi-^'COb-rf'CiO. 

SOk+CaO-t>CaSO«.  . 

vn.  (>i,+c;-oAC;;  Ac,+b,-*-abc;^ 

In  the  present  ease,  one  of  the  components  of  the  solid  mixture 
reacts  with  the  gas  C  present  in  the  reaction  zone  with  formation  of  a 
gaseous  product  AC,  which  then  reacts  with  the  second  coiqponent  of  the 
initial  mixture,  forming  a  solid  product. 

Vila.  (^+  ACr  +  BD,-^ABC^+I},X 

Here,  on  reaction  of  the  gaseous  substance  AC  that  has  formed  as 
indicated  earlier  with  the  solid  component  BD  of  the  Initial  mixture, 
solid  and  gaseous  products  are  formed. 

me  processes  In  which  metal  oxides  are  reduced  by  carbon,  for 
example,  NeO  CO  >»  Me  4  062$  take  place  In  such  a  manner: 

C  +  COb -*>900. 

MeO  +  CO-«>Me-)'OOb 


as  dots  reduction  of  the  sulfates  of  certain  awtals,  e.g.» 

BaSO«  +  4C -f  20,* BsS  4- 400b: 

2C  +  0,-«.200 

(  C+COj-^aCO). 

4CO  +  BaSO«-«>4COb  +  BiS.  ^ 

IX.  +  ^C,-d,  +  C,;  MO,  +  C, ACO,). 

This  process  differs  from  the  preceding  In  that  the  gaseous  AD,- 
which  has  been  produced  by  tiie  same  route  as  AC  In  process  VII,  reacts 
with  the  solid  dissociation  'product  of  the  second  cosiponent  In  the 
mixture. 

Certain  processes  whose  apparent  mechanism  corresponds  to  the 
scheme  Vila  may.  In  actuality,  take  place  In  accordance  with  the  above 
scheme . 

X.  (Mf-*  Mai  Mji  4*  Of 

This  scheme  provides  conditions  under  which  one  of  the  components 
of  the  Initial  mixture  la  melifd  in  the  pure  state,  after  which  It  re¬ 
acts  with  the  second  mixture  component. 

The  reaction  of  silver  with  sulfur  at  temperatures  above  113°,** 
i.e.,  the  case  In  which  the  sulfur  melts:  2Ag  +  S  -«  Ag^S,  may  serve  as 
an  example  of  such  a  process: 

S,+2Ag->  Ag,S. 

In  this  case,  the  quantity  of  liquid  phase,  which  is  maximal  at 
the  start  of  the  reaction,  diminishes  continuously  as  it  proceeds. 

Xa.  +  Ma,  +  a, (Mfi  + 

Here  we  refer  to  the  case  In  which  a  product  AB  formed  by  scheme 
I  forms  with  reagent  B  mixtures  that  melt  under  the  conditions  with 
which  the  process  Is  run  (at  a  temperature  lower  than  the  melting 
point  of  the  pure  B  and  AB) .  On  the  appearance  of  the  first  quantities 
of  the  product  AB,  a  quantity  of  B  that  cox*responds  to  the  composition 
of  such  a  mixture  goes  Into  the  liquid  phase  m.^ci  reacts  with  the 
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liquid  A.  As  ths  process  unfolds,  the  qusntity  of  B  thst  goes  over  in¬ 
to  the  liquid  state  end  resets  with  A  per  unit  time  Increases  until 
its  increase  is  limited  by  a  deficiency  of  B  or  A..  On  attainment  of 
certain  proportions  between  the  product  AB  and  the  reagent  B  in  the 
system,  corresponding  to  the  composition  of  the  mixture  (AB  4  B)  that 
melts  at  the  temperature  in  question,  all  of  reagent  B  goes  over  into 
the  liquid  state  and  fron  this  moment  on  the  quantity  of  liquid  re¬ 
agent  B  diminishes j  this  is  accompanied  by  a  rapid  drop  in  the  rate  of 
the  overuall  process. 

XL  (A,  g, -►  (A  +  B)«;  A„-^g„-— A^|, 

In  this  case,  we  have  fusion  of  the  mixed  initial  components  A 
and  B.  Here,  one  of  them  is  always  completely  melted.  The  quantity  of 
the  second  reagent  in  the  liquid  phase  at  various  stages  of  the  pro¬ 
cess  and  at  various  process  rates  depends  on  the  composition  of  the 
mixture  that  melts  at  the  temperature  in  question  and  the  proportional 
quantities  of  A  and  B  in  the  system. 

XII.  (A, -f  g,- (A +;/).:  A.  +  g;-<^Ag,]. 

Here,  component  A  of  the  initial  mixture  goes  over  into  the 
liquid  state  as  a  result  of  its  fusion  in  mixture  with  component  I, 
which  does  not  participate  in  the  chemical  reaction.  Thereafter,  the 
liquid  A  reacts  with  solid  B  as  in  scheme  X. 

The  constant-temperature  rate  of  the  process  at  each  given  point 
in  time  depends  on  the  quantity  of  liquid  z^agent  A  present.  The- 
latter  is  governed  by  the  conposltion  of  the  A  •»-  I  mixture  that  melts 
at  the  temperature  in  question  and  the  proportion  between  the  sub¬ 
stances.  A  and  I  in  the  system.  If  the  quantity  of  I  is  much  smaller 
than  is  required  to  convert  all  of  A  to  the  liquid  phase,  the  quan¬ 
tity  of  liquid  A  remains  constant  during  the  process  until  there  is 
enough  A  in  the  system  to  maintain  all  of  the  I  in  the  liquid  state. 


H«r«,  »•  A  Is  eonvertsd  into  AB,  a  corresponding  quantity  of  A  goes 
over  Into  the  liquid.  Beginning  from  this  point  In  time,  the  quantity 
of  liquid  A  diminishes  continuously  as  the  process  advances,  and  this 
.  Inevitably  affects  the  rate  of  the  reaotlcm. 

■  -i-  .  '  '  "  .  ■' 

It  the  quantity  of  substance  1  in  thf  system  Is  adequate  to  eoh> 
vert  all  of  A  Into  the  liquid  phase  at  the  very  beginning  of  the  pro> 
cess,  the  rate  of  the  process,  which  is  st  first  high,  drops  rapidly 
In  accordance  with  the  continuous  reduction  In  the  amount  of  liquid 
A  In  the  system  from  the  beginning  to  the  end  of  the  process. 

At  a  temperature  below  the  melting  point  of  substance  1,  Its  dis. 
trlbutlon  (like  that  of  reagent  A)  between  the  solid  and  liquid  phases 
at  each  moment  la  determined  by  the  prevailing  l:A  ratio  In  the  system 
and  by  the  composltlMi  of  the  mixture  that  melts  at  this  temperature. 
As  the  quantity  of  A  diminishes  during  the  process,  I  may  crystallize 
progressively  from  the  mlt;  as  A*«  0,  the  entire  mass  of  component  1 
becomes  solid. 

At  a  temperature  of  -500^,  the  reaction  of  calcium  chloride  with 
barium  sulfate  In  the  presence  of  sodium  chloride  should  take  place 
according  to  s'cheam  ZII. 

CaCi, + BiSO, CsSO, + Bad,. 

As  we  know,  calclus  chloride  and  sodium  chloride  form  a  eutectic  that 
melts  at  t  500^.  Ihe  melting  points  of  all  other  combinations  of  the 
Initial  coisponents  of  this  reaction  adxture  are  at  least  500*^.  As  a 
result,  the  process  smy  consist  preferentially  of  the  following  trans- 
forma^cm  at  this  temperature  during  the  Initial  period  of  the  pro- 
:"cess*-  ’ 

CsO* + NiO, -*  fCeOi + NsCJ^ 

.V  CsCW+Btfa»-*Cs90«+BsCl». 

BrdimeqiniHtly.  tite  lom-niAtXng  mixture  of  the  three  chlorides  -  those  o: 
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OAlelum,  sodium  and  barium  -  may  go  over  into  the  liquid  phase. 

Xilt.  "I"  //*  't' 

This  process  is  characterized  by  formation  of  terni^  mixtures 

(A  -f  B  •f  Z)  that  are  lower-melting  than  A,  B  and  I  taken  si^arateiy. 

A' 

As  a  Insult,  substances  A  and  B  go  over  into  the  liquid  phasO. and  re- 
aot  thereafter  in  the  liquid  state. 

.  Since  BaSQa  dissolves  In  liquid  calcium  chloride,  occurrence^  of 

-v  o 

this  reaction  in  the  presence  of  NaCl  at  temperatures  from  500  to  oOO 

by  scheme  XIIZ  as  well  is  not  excluded. 

XIV.  +  Aa^  +  A,-*(AB+A),i  >4.  +  n.  ABJ. 

Here  the  reaction  first  takes  place  between  the  solid  reagents  A 
and  B,  yielding  a  certain  quantity  of  a  product  AB.  The  latter  forms  a 
system  with  A  that  is  lower-melting  than  A  and  B.  As  a  result,  A  goes 
into  the  liquid  phase  in  a  quantity  correspondit^  to  the  oompoSitlon 
of  the  (AB  ^  A)  system  that  melts  at  the  temperature  in  question  and 
to  the  initial  quantity  of  AB,  and  thereafter  reacts  with  the  solid  B. 
The  teohnically  important  reaction  between  sodium  oxide  and  silicon 
dioxide  in  a  mixture  of  soda  with  silica  takes  this  path  in  the  tem¬ 
perature  range  from  -790  to  840^: 

Na^O,  +  2SiO,-«>  Ns/>-2SlCV+ 0(V 
Na,COb-^Nap+0(V 
NaA  +  SSiO^  -«•  Na,0-2S|0^ 

Na,0<2Sl0„  +  Si(^ -^(NaP^SA-fSlO^ 

Na,0,  +  SiOta‘«>NaASSi(V  eto.  •  • 

«  ^  * 

This  temperature  range  is  limited  at  one  end  by  the  melting 
point  of  the  sodium  orthosilicate/silioa  euteotio  (789^)  and  by  that 
of  the  metasilioat e/sodium  orthosilicate  euteotio  (837^). 

As  we  know,  the  pure  sodium  silioates  and  silieon  dioxide  melt 
jat  higher  temperatures. 

I  The  reaction  between  sodium  silioate  and  oarbon 
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NajSO,  :  2C  -  Kifi  +  200!^ 

which  is  of  great  practical  Importance  and  has  been  studied  by  Minayev 
[287],  Budnikov  and  Nekrlch  [288],  Chirkov  [289]  and  other  Investi¬ 
gators,  may,  to  some  extent,  take  place  by  a  similar  route  in  the 
temperature  range  from  710  to  880^. 

Since  the  melting  point  of  Na2S02^  Is  ~880^>  that  of  NSgS  Is  above 
1000^,  and  that  of  their  eutectic  mixture  Is  7^0°,  all  of  the  sodium 
sulfate  is  In  the  crystalline  rotate  In  this  temperature  range  before 
the  first  NagS  particles  appear.  However,  as  soon  as  the  first  NSgSOj^ 
particles  react  with  carbon  to  form  NagS,  transition  of  the  sulfate 
Na2S0^  into  the  liquid  phase  begins,  and  thereafter  proceeds  with  in¬ 
creasing  intensity. 

The  process  may  be  represented  by  the  following  scheme: 

Na,SO„  +  2C  -  Na,S,+ 2C0^ 

Na,SO„  I-  Na,S,  (Na^SO,  +  Na,S).. 

Na,SO,,  +  2C-*Na,S  +  2CO,  etc. 

This  does  not  exclude  the  possibility  that  the  carbon  may  reduce 
a  large  (apparently,  the  major)  part  of  the  sodium  sulfate  to  the 
sulfide  with  participation  of  the  gaseous  phase  [234]. 

+  +  ^  +  ^f +  + AB^y. 

In  this  process,  after  a  certain  quantity  of  the  Initial  re¬ 
agents  A  and  B  has  reacted  In  the  solid  state,  the  three-conqponent 
system  formed  by  the  reagents  and  the  product  goes  over  Into  the  liquid 
phase.  Thereafter,  A  and'  B  react  for  the  most  part  In  the  liquid  state, 
forming  more  and  more  of  the  product  AB,  which  accordingly  binds  new 
quantities  of  A  and  B  into  the  liquid  phase.  This  goes  on  until  the 
quantities  of  A  and  B  In  the  system  are  adequate  to  maintain  all  of 
the  product  AB  in  the  liquid  state.  The  compound  AB  crystallizes  when 
this  mment  is  reached. 
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This  proe«8B  differs  from  the  foregoing  In  that  one  of  the  re¬ 
agents,  the  product  and  an  Inert  material  present  In  the  Initial  aliu 
ture  fohn  a  relatively  low-melting  three- component  systm. 

It  will  be  appropriate  here  to  touch  upon  yet  another  "solid- 
phase”  process,  even  though  It  does  not  fit  any  of  seheises  Z-XVX.  We 
z^fer  to  the  Important  Industrial  reaction  used  to  produce  calcium 
carbide  from  solid  calcium  oxide  and  carbon,  which  takes  place  at 
1900-2000^. 

The  melting  point  of  CaO  is  2370^,  and  that  of  CaC2  Is  2300^. 

Even  at  considerably  higher  temperatures,  the  carbon  remains  In  the 
solid  state. 

However,  according  to  the  data  of  El  [290],  which  have  also  been 
confirmed  by  other  authors,  the  CaO-CaC2  system  has  a  compound  CaO*CaC2 
with  a  melting  point  of  1980^  ana  two  eutectics  with  the  conposltlona 
69  and  35^  (by  weight)  of  CaCg  and  melting  points  of  1730  and  ISOO*’, 
respectively. 

Consequently,  when  this  process  takes  place  under  Industrial  con¬ 
ditions  (at  a  temperature  of  1900-2000^),  the  appearance  of  the  first 
quantities  of  calcium  carbide  Is  followed  by  rapid  cmiverslon  of  its 
oxide  Into  the  liquid  phase.  This  may  be  followed  by  a  reaction  be¬ 
tween  the  liquid  calcium  oxide  and  the  solid  carbon  (scheme  XIV)  or, 
to  a  certain  extent,  with  Its  higher  oxide,  vaporization  of  the  cal- 
ciua  oxide  and  Its  reduction  In  the  gaseous  phase,  some  dissociation 
of  calcium  oxide  and  binding  by  the  carbon  of  the  oxygen  fonsed  during 
this  process  [291]. 

^  In  all  of  the  processes  that  we  have  considered  and  similar  pro- 
celses,  the  Initial  reagents  react  with  one  another  with  partlcipa- 
tlcn  of  the  liquid  or  gaseous  phases  (or  both)  declalvm. 
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Such  are  the  basic  paths  of  chemical  conversion  of  a  solid  mix¬ 
ture  taking  place  with  participation  of  a  gaseous  or  liquid  phase.  It 
is  neither  possible  nor  necessary  here  to  devote  detailed  analysis  to 
all  of  the  theoretically  conceivable  variants  of  the  mechanism  of  the 
so-called  solid-phase  reactions  actually  taking  place  with  participa¬ 
tion  of  gaseous  and  liquid  phases  or,  in  particular,  to  concern  our¬ 
selves  with  reactions  in  which  solids,  gases  and  liquids  coexist  and 
participate  simultaneously.  Ti.is  problem  is  considered  in  greater  de¬ 
tail  in  earlier  published  papers  [230,  234]. 

The  above  exposition  touches  upon  the  basic  points  of  this  prob- 
lon  and  covers  the  mechanism  of  reactions  having  practical  significance 

Under  real  conditions,  the  mechanism  of  these  reactions  may, 
naturally,  be  complicated  by  the  formation  of  multicomponent;  relative¬ 
ly  low-melting  mixtures  in  the  system  and  the  over- all  process  taking 
place  in  several  stages,  with  the  appearance  of  Intermediate  products, 
side  reactions,  solid  solutions,  temperature  changes  in  the  conversion 
process  and  other  phenomena. 

None  of  this  dispenses  with  the  necessity  or  eliminates  the 
possibility  of  evaluating  the  parts  taken  by  gases  and  liquids  in 
analyzing  the  mechanism  of  these  reactions  ,( In  the  complex  cases 
noted,  the  process  can  be  broken  down  into  a  series  of  component 
stages  for  analysis  of  the  mechanism  of  each  of  them  In  Isolation) .  . 

Here  it  Is  important  to  remember  two  circumstances: 

1)  many  technically  important  reactions  that  take  place  on 
heating  of  a  solid  mixture  are  effected  with  participation  of  gases 
or  liquids  or  both  simultaneously; 

2)  the  mechanism  of  these  reactions  admits  of  detailed  analysis, 
which  ascertains  the  essential  nature,  sequence  and  Importance  of  the 
basic  physicochemical  transformations  that  compose  these  reactions. 
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Zf  th«  part  taken  by  gases  and  liquids  In  the  mechanism  of  these 
reactions  Is  Ignored,  our  conceptions  as  to  the  physicochemical  rela* 
tlqnshlps  controlling  these  reactions  are  frequently  also  fot;^  ,to  be 
erronewia.  '  - 

Among  other  things,  we  frequently  encounter  In  the  literatuf«''un>  -i 
Justified  negations  of  the. possibility  of  equilibrium  In  reactioiw 
taking. place  on  heating  of  solid  mixtures.  In  eontradletl<m  to  the  re¬ 
sults  of  Shprlng  [l66]  and  Yander  [219,  220,  243].  In  actuality.  It  Is 
not  difficult  to  conceive  of  conditions  under  which  such  an  equlllbrlwa 
might  arise:  this  might  occur  In  many  of  the  reaction  types  described 
above  that  Involve  formation  of  solid  solutions,  participation  of 
liquid  phases,  evolution  of  certain  substances  Into  the  gaseous  phase, 
and  the  like. 

Obviously,  the  feasibility  of  the  number  of  degrees  of  freedom 
computed  by  the  phase  rule,  the  validity  of  the  law  of  effective 
masses  and  certain  other  laws  for  these  reactions,  the  correctness  of 
considerations  concerning  their  limiting  stage  and  kinetics,  and,  con¬ 
sequently,  the  Justification  for  selecting  ccmdltlons  for  their  prac¬ 
tical  realization  depend  on  the  objectiveness  with  which  we  understand 
the  mechanism  of  the  various  groups  of  reactions  considered  and  evalu¬ 
ate  the  part  taken  by  the  gaseous  and  liquid  phases  In  them. 

It  Is  clear  from  this  that  In  considering  the  basic  problems  of 
solid-state  chemistry,  studying  the  theory  of  the  reactions  associated 
with  solids,  and  solving  problems  In  their  practical  realizatlcm.  It 
Is  necessary  to  bear  In  mind  the  liq>ortant  role  taken  by  gaseous  and 
liquid  substances  In  muxf  su^  reactions. 

$3*  SBQUSNCB  OF  CHEMICAL  TRANSFORMATIOIIS 

He  cim  consider,  in  general  form,  only  certain  aspects  of  this 
problem  that  are  ^baraetcrlatlc  Tor  a  large  number  of  the  reactions  of 


Interest  to  us.* 


TABLE  18 

Primary,  Products  of  Chemical  Reactions  Between 
.  Various'  Oxides 


CMTMIBWai 

o  WMM*  ■  CMtmtlllllli 

^  ■  MCttiN 


2  ntCtMl  MMMt 


M(0~AIA 

c3o-ai,o, 

S(0-AtA 

BaO-AI,0, 

c<o-p^, 
MbO— fio, 
CaO-SK), 
SiO-SiOk 
BaO-SlO, 
AM-TIO, 
aO-TKX 
PbO-At^ 
PbO-WQ, 


I:  ItS 

3;  5i3:  I;  ||2;  liS 
3;  2;  i;  ttZ;  liS 
3;  2;  I;  liS 
2;  I:  Ii2 


2;  ! 

3. 

2;  ! 

2;  I; 

2;  I; 
3>2:  I 
2il 
2;  I 


•  3:  1:2 


2i3: 

l>2 


l>2 


M(0AI,0« 

CaO'AlgQs 

SiO-AI,Ok 

BK>-AWO, 

2  CaO  PeA 

2MbO-^ 

2cS0Si0^ 

2SiOSi(V 

2Ba0Sl0k 
MoO  TK), 
CaOTK), 
PbUMoO, 
PbOWO, 


1)  System;  2)  molecular  proportions  of  oxides 
in  compounds  formed  In  system;  3)  primary  pro¬ 
duct  of  reaction  between  oxides. 


As  we  know,  the  direction  of  a  chemical  process  in  a  crystalline 
mixture  may  not  be  the  same  as  the  direction  that  it  takes  in  aqueous 
solution.  Thus,  the  reaction 

BaCO,  +  N.i,SO,  BaSO,  +  Na,CO, 

goes  to  the  right  in  aqueous  solution,  while  it  goes  In  the  opposite 
direction  at  high  temperatures  in  a  crystalline  mixture. 

It  is  assumed  that  the  direction  of  a  reaction,  which  is  deter¬ 
mined  by  the  solubility  product  for  a  solution,  depends  on  the  sign  of 
the  reaction  heat  effect  in  the  case  of  a  crystalline  mixture. 

The  direction  and  probability  of  a  given  reaction  in  a  solid 
mixture  are  determined  more  rigorously  by  calculations  based  on  the 
general  premises  of  thermodynamics  (see  Chapter  4) .  . 

A  distinctive  property  of  many  reactions  in  crystalline  mixtures 
is  that  they  take  place  in  stages:  while  various  compounds  may  be 
formed  by  the  reaction  between  the  reagents,  the  process  in  which  the 
final  product  forms  passes  through  a  series  of  stages  or  steps. 


-  209 


f- 

*1 

r 


f 

I 


Zt  h«8  b*«n  established  by  the  studies  of  Veyef  tUB],  Vender 
[219*  220,  2431,  Berezhnoy  [2921,  Bubenln  [2931,  Toropov  [119,  2771  end 
o^er  authors  that  the  sequence  In  which  the  In^mediate  products  Tom 
does  not  depend  on  the  proportions  between  the  reagents  In  the  Initial 
Mixture.  Irrespective  of  the  value  of  this  proportion,  the  prlma^  re¬ 
action  product  In  a  given  reagent  mixture  Is  a  definite  c<»Qpound  (see, 
for  exa8g>le.  Table  l8)  that  Is  usually  distinguished  from  the  other 
possible  compounds  of  the  system  by  having  the  highest  crystallization 
temperature.  This  confound  reacts  further  with  one  of  the  starting  com¬ 
ponents,  perhaps  with  formation  of  subsequent  Interaediate  products, 
which  soBWtlmes  react  with  the  first  compound  or  with  one  another,  and, 
finally,  the  target  product  Is  formed. 

The  number  of  stages  may  naturally  be  different  for  different 
systema. 

Zt  Is  Interesting  that  even  In  the  simplest  binary  systems,  such 
as  CaO  -f  SlOg,  MgO  +  SlOg,  BaO  •¥  SlOg,  CaO  +  Pe20^,  CaO  ■¥  Al^O^  and 
the  like,  the  process  passes  through  a  number  of  stages  at  constant 

temperature. 

Thus,  In  the  reaction  between  calcium  oxide  and  silicon  dioxide 
taken  In  1:1  proportions,  calcium  orthosilicate  forms  first  and  Is 
subsequently  Joined  by  3Ca0*2Si02>  Vigorous  formation  of  the  metaslll- 
cate  Ca0*S102,  the  composition  of  which  corresponds  to  the  proportions 
of  the  components  in  the  Initial  mixture  (Figs.  46  and  47),  begins 
mly  In  subsequent  stages  [ll8,  219,  220,  2431. 

A  somewhat  similar  pattern  Is  also  observed  In  the  reaction  of 
silicon  dioxide  with  magnesium  oxide  (Plg.  48)  and  bairlum  oxide  (Plg. 


According  to  Bubenln  [293],  who  studied  chemical  reactions  In  the 
MgO-SlOg  system  at  temperatures  from  1100-1170®,  ~ 
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MgO  SiU,  i-  A\gO  -  2MgO  SiO^: 

2MBO.SiO,  +  S|Oj  ►2(MgO  SiO,). 

MgO  +  SiO,^MgOSlO|. 

the  rate  of  the  first  of  these  reactions  is  highest.  It  Is  for  this 
reason  that  at  the  beginning  of  the  process  we  observe  preferential 
fomatlon  of  the  orthosilicate;  the  metaslllcate,  which  appears*  for 
example*  by  the  third  reaction,  is  converted  almost  Immediately  Into 
2Mg0*S102. 

Only  later*  as  the  MgO  bocomes  bound*  does  the  remaining  silicon 
dioxide  react  with  the  orthosilicate  to  form  MgO'SlOg* 

The  primary  product  of  the  reaction  between  calcium  oxide  and 
ferric  oxide*  according  to  Toropov  and  Dyuko  [277],  Is  bicalclum  ferrite. 
Its  reaction  with  the  unreacted  ferric  oxide  then  continues  with  forma¬ 
tion  of  other  calcium  ferrites. 

The  mechanism  of  chemical  reactions  in  multicomponent  systems  Is 
more  complex.  Among  these*  the  three- component  systems  Ca0-Al202-S102 
and  Ca0-Mg0-S102  merit  brief  consideration.  The  former  Is  of  great  Im¬ 
portance  in  the  production  of  Portland  cements*  slag  cements*  slag 
wools  and  ceramic  articles*  while  the  latter  is  important  for  refrac¬ 
tory  production. 

Two  congruently  melting  three- component  compounds  are  known  in 
the  CaO-AlgO^-SlOg  system:  helenlte  2Ca0’Alg02‘S10g  and  anorthite 
CaO-AlgOg'aslOg. 

According  to  the  observations  of  Qinzberg  and  Lyglna  [294]*  the 
process  by  which  anorthite  Is  synthesized  from  the  oxides  at  tempera¬ 
tures  from  1100  to  1200^  takes  place  as  follows.  First  to  form  as 
intermediate  products  are  an  aluminate  of  the  composition  mCaO'nAlgO^ 
(12:7)«  bicalclum  silicate  0-2CaO'SiO2  and  calcium  metaalumlnate  and 
metaslllcate 
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pig.  46.  Basle  stages 
In  process  of  formation 
of  monoealelum  silicate 
In  reaction  of  CaO  with 
SlOg. 


Fig.  47.  Sequence  of 
formation  of  coapounds 
In  mixture  of  2CaO  -f 
+  SlOg  At  temperature  of 

1200^^.  1)  CSgSlO^;  2) 

CaSlO^;  3)  Ca^SigOy. 

A)  Time  In  hours. 


Pig.  48.  Curves  of  reaction 
of  MgO  with  SIO2  (1:1) 

teiqperature  of  1170^.  1) 
MggSiOi^;  2)  MgSlO^.  A)  Yield 

of  silicate  In  B)  time  In 
minutes . 


I 


Pig.  49.  Curves  of  reaction 
of  BaO  with  SiOg  (1:1)  at 

temperature  of  1010^.  1)  . 
BSgSlOj^;  2)  BaSlO^i  3)  BaO.« 

A)  Time  In  hours. 


4) 
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«CiiO  flAljO,  -  MCaO  MAI^  (12:7). 

2CjO^  SlO,-  ?.2CaO  SlO,  . 

or 

MCaO  nAlA  I  ^2C:aO  SlO|  +  CiO- AIA* 

^2CaO-SiO}  +  Al,0^  >  CaO- AIA'»' CaO'SAl 

then  the  calcium  metaalumlnate  and  netaailicate  react  with  one  another 
to.  form  helenlte: 

CaO- ALO,  +  CaO- SA SCaO- Al  A'SiO« 

and,  finally,  the'  reaction  between  the  helenlte  and  the  remaining 
silicon  dioxide  yields  anorthlte 

2CaO  Al,0,  SiO, + 2SIO,  -  CaO  Al A  ■  2S«0,  +  CaO  S A- 
Thus,  helenlte  is  one  of  the  intermediate  products  in  the  process 
by  which  anorthlte  is  formed  from  the  oxides. 

A  scheme  of  the  processes  Involved  in  producing  helenlte  and 
anorthlte  from  the  oxides  that  differs  somewhat  from  that  described 
above  but  is  also  multistaged  was  described  at  one  time  on  the  basis 
of  the  experimental  research  of  Yander  and  Petri  [293]. 

According  to  the  observations  of  Berezhnoy  [292],  the  process. by 
which  three-component  compounds  are  produced  in  the  CaO-MgO-SiOg  system 
—  monticellite  Ca0*Mg0*S102  and  mervlnite  3CaO*MgO' 28102  -  also  con¬ 
sists  of  a  number  of  stages,  the  first  of  which  is  formation  of  2ClaO* 
•SlOg. 

The  stages  in  the  synthesis  reactions  for  braunmillerite  4CaO* 
•AlgO^'FegOj,  cordierite  2)|g0*2Al20^ *38102,  celslan  BaO'AlgO^ *28102 
and  many  other  practically  important  minerals  from  crystalline  oxides 
have  recently  been  studied,  as  well  as  the^  extent  of  chemical  conver¬ 
sion  in  complex  charges  encountered  in  the  production  of  glasses,  cer- 
tain  ceramics,  and  other  materials  [296,  297]. 
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The  majority  of  the  elementary  processes  are  Individually 
consltered  In  Chapter  2. 

See  also  the  woxic  described  In  [120]  and  [230]. 

k,  Bt  C,  etc.  must  be  understood  to  represent:  a)  Initial 
reagents  which  are  not  decomposed  during  the  course  of  the 
process  and  b)  substances  to  which  the  Initial  e(»g)o:inds 
decompose  under  the  conditions  of  the  process. 

Certain  considerations  and  conclusions  cited  In  Beferehee 
[286]  correspond  almost  mol'd  for  word  with  those  published 
during  the  same  period  In  References  [37*  120,  234,  et  al.  ]. 

«In  the  presence  of  oxygen  In  less-than-excess  quantity.r 

«*At  this  teiqperature  a  portion  of  the  sulfur  can  also  react  . 
with  the  silver,  being  In  the  vapor  state. 

Ihe  specific  mechanlnns  underlying  definite  chemical  procea> 
ses  In  various  crystalline  mixtures  are  explained  In  de¬ 
tail  In  Chapter  9* 


[list  of  Transliterated  Symbols] 
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Tat-  tverdoye  telo  <■  solid 
X  >  zh  >  zhldkost*  ■  liquid 
r  «  g  >  gaz  «  gas  «  (also  ras) 


Chapter  4 

THERMODYNAMIC  CHARACTERIZATION  OF  REACTIONS 
Thermodynamics  enables  us  to  establish  the  extent  of  a  system's 
stability  and  the  fundamental  possibility  of  accomplishing  a  given 
process  in  it,  as  well  as  to  formulate  the  thermodynamic  probability  of 
various  reactions  taking  place  in  the  system. 

These  important  singularities  of  the  thermodynamic  method  for  in¬ 
vestigating  the  processes  has  not  as  yet  been  adequately  exploited  by 
solid-state  chemistry.  Since  the  first  reports  of  Tammann  [211]  on  the 
thermodynamics  of  reactions  in  crystalline  mixtures  were  published, 
relatively  few  papers  have  appeared  In  this  field  (only  beginning 
with  the  nineteen-fifties  do  we  observe  a  certain  shift  in  this  direc¬ 
tion)  .  This  is  to  be  accounted  for  in  part  by  the  limited  volume  of 
exact  data  available  on  the  thermal  properties  of  the  solids  at  the 
high  temperatures  characteristic  for  many  reactions  in  solid  mixtures.* 
As  we  have  already  noted,  a  process  goes  spontaneously  in  the  di¬ 
rection  that  reduces  the  thermodynamic  potential  Z  of  the  system  to  a 
certain  value  that  is  minimal  for  the  prevailing  conditions.  Of  the 
series  of  processes  that  may  take  place  in  the  system,  the  thermody¬ 
namically  most  probable  is  that  one  which  is  accompanied  by  the  largest 
drop  in  Z.  The  thermodynamic-potential  reduction  AZ  expresses  the 

maximum  work  of  the  process  at  a  constant  pressure  A  »  -LZ  and  char- 

P 

acterlzes  the  so-called  "chemical  affinity"  between  the  substances, 
i.e.,  their  tendency  to  react  chemically  with  one  another. 

Since  Z  is  the  Isobarlc  (strictly  speaking,  Isobaric- isothermal) 
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thernodynamle  potential  of  the  system,  l.e.,  characterizes  Its  state 
at  p  ■  const,  it  incorporates  the  work  of  expansion  of  the  aystem 

(84|) 

or  . 

(84m) 

where  U  and  TS  are,  respectively,  the  internal  and  bound  energies  of 
the  system,  if  T  is  the  absolute  temperature  ani  S  ia  the  entropy, 
while  H  >  (U  -f  pV)  is  the  enthalpy. 

We  may  frequently  Judge  the  thermodynamic  probability  of  a  pro> 
eeas  on  the  basis  of  the  change  in  free  energy  P  as  determined  from 

F^U-TS.  (85) 

Actually,  the  maximum  work  of  a  reversible  isothermal  process  at 
constant  volume  is  equal  to  the  loss  of  free  energy 

We  may  also  operate  with  this  value  in  all  cases  in  which  the 
volume  change  is  for  all  practical  purposes  nonessential,  when  dP  • 

•  tZ.  We  observe  this  situation  during  the  course  of  many  reactions  In 
crystalline  mixtures.  However,  if  the  process  is  accoapanied  by  a  con¬ 
siderable  change  in  the  volume  of  the  solid,  as  is  the  case,  for 
exanple,  in  certain  polymorphic  transformations  ($1  of  Chapter  9), 
characterizing  it  thermodynamically  will  require  calculation  of  dZ. 

In  the  case  of  polymorphic  transformation,  the  thermodynamic  sta¬ 
bility  condition  of  a  given  modification  and  a  given  temperatvure  is 
attainment  of  the  minimum  of  Z  (or  P),  as  detei*mined  from  Eqviations 
(84a  and  85).  Here,  the  entropy  S  may  be  regarded  as  a  quantity  char^ 
acterizing  the  extent  to  which  the  crystalline  structure  of  the  solid 
deviates  from  ideal  order.  Since  the  role  of  the  entropy  term  in 
Equation  (83)  acquires  greater  significance  with  increasing  tempera¬ 
ture,  the  modification  with  the  greater  internal  energy  maj  possess  a 
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smaller  free  energy,  l.e.,  it  may  become  more  stable;  as  a  result,  the 
body  goes  Into  the  new  modification.* 

As  for  chemical  reactions  in  the  crystalline  phases,  even  van* t 
Hoff  [298]  succeeded  in  showing  that  strictly  solld>pha8e  reactions 
reach  equilibrium  only  when  mixed  crystals  are  formed.  Subsequently, 
Tammann  [211]  applied  this  rule  to  various  types  of  reactions  taking 
place  during  heating  of  mixtures  ci'  crystalline  solids. 

According  to  Tammann,  sxu'r,  reactions  go  in  the  direction  of  heat 
evolution  until  one  of  the  reagents  is  exhausted;  equilibrium  can  in> 
tervene  only  under  certain,  rather  Improbable  conditions  (page  I66). 

Actually,  it  is  clear  from  the  equation  of  variation  of  the  iso- 
baric  thezmiodynamic  potential 

AZ-A//-rAS  (86) 

that  dZ  may  approach  zero  only  in  the  following  cases: 

1)  when  the  heat  of  formation  of  the  reaction  product  is  extremely 
small:  here,  dH  is  a  small  quantity,  and  the  difference  (dH  -  TdS)  -•  0; 

2)  when  mutual  solubility  of  the  phases,  formation  of  mixed  crys¬ 
tals,  glasses,  etc.,  az*e  possible;  all  of  these  processes  result  in  an 
Increase  in  dS; 

3)  when  there  is  a  considerable  difference  between  the  sum  of  the 
heat  capacities  of  the  initial  reagents  and  the  reaction  products: 


this  may  have  a  noticeable  influence  on  the  entropy  since 


4)  when  gases  or  liquids  take  part  in  the  reaction:  here,  dS  may 
reach  rather  large  values  and  it  is  possible,  particularly  at  high 
temperatures,  for  TdS  -♦  dH,  l.e.,  (dH  -  TdS)  0. 

It  Is  normally  assumed  that  the  liberation  of  a  heat  q  >  1  kcal/ 
g-atom  is  sufficient  for  a  reaction  to  take  place  between  solid  phases. 

I 

In  actuality,  the  heat  of  formation  of  the  products  of  many  reactions 
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In  erystallln*  mixtures  reach  much  higher  values.  For  example,  the 
heat  la  reckoned  in  tens  and  hundreds  of  kilocalories  per  pole  for  the 
majority  of  silicate  systems.  Prom  the  thermodynamic  atahdpoint,.  there^ 
fore,  these  reactions  can  and  should  go  to  completion  with  ovolution  of 
heat,  provided  that  gaseous  and  liquid  substances  do  not  participate  in 
them  (in  practice,  the  possibility  of  completion  of  the  process  My  be 
severely  limited  by  kinetic  factors). 

In  cases  where  a  process  taking  place  on  heating  of  a  crystalline 
mixture  is  aecoppanied  by  the  appearance  of  liquid  or  gaseous  bodies 
or  by  the  emergence  of  crystal>structure  defects,  i.e.,  by  phenomena 
that  increase  the  disorder  in  the  system,  it  is  distinguished  by  es¬ 
sential  peculiar  features. 

On  transition  of  a  system  into  a  more  disordered  atate,  its  en¬ 
tropy  naturally  increases.  For  this  reason,  the  term  of  Equation  (84a) 
containing  the  entropy  always  operates  in  such  a  way  that  an  increaM 
in  temperature  "encourages”  the  reaction  direction  associated  with  an 
increaae  in  the  quantity  of  liquid  or  gaseous  phase. 

For  example,  this  accounts  for  the  fact  that  combustion  of  car¬ 
bon  at  high  temperatures  takes  place  preferentially  in  accordance 
with  the  equaticm 

2C+Oi-.2CX), 

although  under  any  tenqperature  conditions  the  reaction 

c+o,-^co, 

is  accompanied  by  a  considerably  greater  heat  effect  than  the  first. 

For  the  same  reason,  the  reaction  C  CO2  ^  2C0  goes  spontaneously  to 

•*'**’■  ft 

the  right  at  temperatures  above  700-750  ,  despite  the  fact  that  this 
involves  a  considerable  endothermic  effect. 

The  increaae  in  entropy  with  increasing  number  of  gaseous  mole¬ 
cules  in  the  system  is  generally  so  essential  that  the  value  of  the 


pi>oduct  exceeds  the  heat  elfect  of  the  reaction.  It  Is  precisely 
for  this  reason  that  the  van't  Hoff  rule,  which  states  that  only  exo¬ 
thermic  reactions  take  place  in  solids,  loses  Its  validity  when  gaseous 
and  liquid  substances  participate  In  the  reaction. 

In  cases  where  gaseous  substances  participate  at  high  tempera- 
txires,  the  process  most  often  goes  in  the  reverse  direction.  When 
dissolved  substances  participate  In  the  process.  It  Is  generally  diffi¬ 
cult  to  speak  of  any  relationship  whatsoever  between  the  direction  of 
the  reaction  and  the  sign  of  its  heat  effect,  since  the  change  In  en¬ 
tropy  on  solution  of  the  substance  may  be  either  positive  or  negative. 

Rigorous  solution  of  the  basic  problems  in  thermodynamic  Investi¬ 
gation  of  hlgh-teiqperature  processes  In  solid  mixtures  requires,  as 
noted  by  Mchedlov- Petrosyan  [299,  300],  among  others,  careful  account¬ 
ing  for:  a)  the  Influence  of  pressure  on  the  processes  that  are  ac¬ 
companied  by  an  essential  change  in  phase  volvune  (If  the  process  Is 
being  run  under  a  pressure  that  differs  considerably  from  atmospheric), 
b)  phase  transformations  of  the  components  In  the  temperature  range  of 
the  process  and  c)  the  change  In  entropy  and  heat  capacity  with 
temperature. 

The  new  methods  of  computing  entropy  that  have  been  developed  by 
Klreyev  [301],  Kapustlnskiy  and  Yatslmlrskly  [302]  and  other  investi¬ 
gators,  the  entropy  method  of  calculating  the  heat  capacities  of  In¬ 
organic  solids  at  high  tenperatures  that  was  proposed  by  Landia  [303], 
and  the  Isoatome  method  of  Shchukarev  [304]  for  determining  the  enthal¬ 
py  of  formation  of  compotmds  have  opened  wide  possibilities  for  thermo¬ 
dynamic  analysis  of  reactions  In  mixtures  of  crystalline  substances. 

Also  worthy  of  attention  is  the  so-called  "exact  practical" 
method  of  computing  the  equilibrium  constants  that  was  proposed  by 
Vladimirov  [3291. 
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H«r«  wt  can  only  glvo  a  brief  description  of  the  siethoda  cited 
above. 

In  view  of  the  liQperfeetlon  and  Halted  applicability  of  aetheda 
for  eoaputlng  heat  capacity  that  are  based  on  a  model  of  an  elastic 
continuxia  consisting  of  harmonic  oscillatory;  Landia  proposed  [303] 
that  the  heat  capacities  bf  inorganic  solid  compounds  be  computed 
from  their  entropies. 

According  to  quantum  theoz^.  entropy  and  heat  capacity  are  func* 
tions  of  a  single  argument  e/T«  where  e  Is  the  so-called  "characteris¬ 
tic  temperature,"  which  is  proportional  to  the  natural- vibration  fre¬ 
quency  (which  depends  on  the  kind  of  solid),  and  T  Is  the  absolute 
temperature. 


TABLE  19 

Calculated  and  Experimental  Values  of  Heat 
Capacities  for  Certain  Compounds 


2 

3TfaMran(ik  Cjgt  amJlMpm 

- ^ 

TdEMiHt 

3 

•srMVMnM 
—  ♦1i»— 

^•ocW^ 

PciSiO. . 

1373 

40.4 

34.5 

47,5 

34.3 

33.4 

49.7 

33.7 

1573 

MiSKS. . 

1573 

si'j 

30.5 

MfTXX  . 

1773 

33.9 

31,4 

34.9 

31.9 

33.9 

cSSl . 

1373 

31,1 

1573 

.  49,7 

51,4 

58.9 
73,90 

53.9 

3I.S 

59.9 

CilsioC . 

1773 

03.5 

03.5 

1400 

30,5 

33.9 

Sr.TlO.  ........ 

1000 

44.4  • 
33.1  . 

40.9 

33.9 

BaTl£  .  . . 

im 

sLYidi  . . 

1400 

44.9 

45.0 

1)  Compound;  2)  temperature  in  degrees  K;  3) 
heat  capacity  Cp  In  cal/mole-degree;  4)  ex¬ 
perimental;  5)  calculated  after  landau;  6) 
of  oxides. 


Earlier,  the  Lindemann  formula,  which  Is  applicable  only  for 
sisqple  polar  coiqpounds,  was  most  frequently  used  in  calculating  values 
of  0.  In  a  departure  from  this,  Landia  proposed  that  the  averaged 
frequency  be  computed  from  the  known  value  of  the  compound’s  entropy 

-  220  - 


or  the  value  eoiiy>uted  using  sufficiently 
exact  methods  C301»  302]. 

The  advantages  of  this  calculation  method 
proceed  from  the  facts  that  a)  the  entropy 
value  can  be  found  easily  by  the  methods  noted 
and  b)  the  entropy,  which  Is  a  function  of 
the  same  argument  as  heat  capacity.  Is  more 
repre3entatlve  of  the  factors  Influencing  heat 
capacity  than  are  other  constants  of  the  com¬ 
pound  . 

The  Landla  method  gives  heat- capacity 
values  that  are  closer  to  the  experimental  than 
those  obtained  by  other  calculations.  The  data 
on  the  heat  capacities  of  certain  silicates 
and  titanates  that  are  listed  In  Table  19  [303] 
provide  a  clear  Illustration  of  this. 

The  Shchukarev  isoatome  method  [304]  Is  based  on  consideration. 

In  general  form,  of  the  relationship  between  the  composition  of  the 
compounds  In  a  system  of  two  components  and  the  values  of  their  en- 

m 

thalples  of  formation. 

It  Is  shown  that  if  we  refer  the  format Ion- enthalpy  value  of  the 
compounds  to  a  single  averaged  gram-atom  (l.e.,  divide  the  per 

gram- formula  by  the  number  of  atoms  n  In  the  formula),  this  quantity 
varies  smoothly  as  we  pass  from  one  compound  to  another  within  the 
limits  of  a  certain  pleiad  of  binary  compounds.  Consequently,  In  con¬ 
structing  a  diagram  of  formation-enthalpy  variation  In  the  system  of 
compounos  In  the  coordinates  versus  molar  composition,  we  ob¬ 

tain  a  smooth  curve  —  the  Isoatome.  According  to  Shchukarev,  the  mono- 
tonic  nature  of  the  isoatome  is  accounted  for  by  the  smooth  variation 
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Fig.  50.  Change  In 
free  energy  on  for¬ 
mation  of  calcium 
silicates.  A)  AP, 
cal. 


of  th«  fraction  of  bonds  between  atoms  of  different  elements  and  the 
fraction  of  bonds  between  at<sas  of  a  given  element.  An  Isqportant  pro¬ 
perty  of  the  Isoatoma  Is  that,  as  a  rule.  It  possesses  an  extrMnim.  ' 

The  nature  of  the  Isoatmnes  permits  their  use  to  find  the  forma¬ 
tion  enthalpies  of  the  conpounds  by  Interpolation,  and  sometimes  even 
by  extrapolation. 

Using  the  Landla  method,  Mchedlov-Petrosyan  made  a  series  of 
calculations  at  one  time  for  the  Mg0-S102  [306],  Ca0-S102  [307], 
Al20^-S102,  CaO-AlgOj  1308]  systems  and  others. 

The  calculations  pertaining  to  the  MgO-SlOg  system,  which  provide 
a  basis  for  the  known  fact  of  primary  formation  therein  of  magnesium 
oz^hoslllcate  [293,  294,  309],  the  appearance  of  the  metaslllcate  In 
the  presence  of  MgO  at  temperatures  above  ll60^  [310,  311]  and  certain 
other  phenomena,  would  appear  to  require  certain  modifications:  this 
Is  Indicated  by  the  direction  taken  by  the  Individual  curves  on  the 
diagram  In  Reference  [306].  Later,  using  more  reliable  calculations 
(Table  20,  Fig.  30),  a  thermodynamic  basis  was  Indicated  for  primary 
formation  of  the  orthosilicate  In  the  CaO-SlOg  system  [307],  the  Im¬ 
possibility  of  formation  of  3CaO’S102  due  to  solid-phase  reactions 
was  established,  the  improbability  of  the  appearance  of  sllllmanlte 
rather  than  mulllte  In  the  reaction  of  AlgO^  with  SlOg  [308]  and  the 
highest  probability  of  formation  of  mulllte  from  dehydrated  kaollnlte 
were  Indicated,  and  so  forth. 

Table  20  presents  data  on  the  change  In  free  energy  In  the  CaO- 
SlOg  system  In  the  course  of  the  following  reactions: 


CaO + SK\-»  CaO-SKV 

(1) 

2CaO  +  StO,  2CaO-SlO^ 

(2) 

3Ca()  2SiO,  3CaO>2SiO,. 

(3) 

3CaO  -f  SlO,  -»  3CaO>SiO« 

CiO  Si0,4'Ca0^2Ca0  SkV 

SCaOSK^-f  SiOb->9(CiO-SlQh},  (6) 

_  XaO.SiCb4.CiO«3CiO.SlCV  (7) 

V  k:aO*2SiO|+CaO-«'2(2CaO-Sl^  (®) 

3(:^-2Sia+sto^-^a(CaO-siQi^^  ‘  (9) 

3<2CaO  Sip,)4  Si0^^20CiO-2SKV).  (10) 

.  2CaO  SK>|  +  CaO4-Si0^-^3CaO-SSidb.  (11) 

CaO-SiO,  +  2C80-.>aCaO-SKy,  (12) 


TABLl  aO 

Change  in  Free  Energy  of  Ca0-S102  Syatea 

During  Various  Reactions  Taking  Place  in  It 
(307) 


- r - 

Hontpa  inwt 
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UN 
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—aoasd 

— aoan 

-SD504 

-30400 

-30801 

-30408 

a 

— asssQ 

-96SM 

-95841 

-98401 

-40741 

-41940 

a 

— 39CM 

-98491 

-97951 

-950S1 

—34241 

-33340 

4 

-as  4a) 

—38470 

-39440 

-  29900 

-304K 

-3ia£0 

S 

—  14M 

—  15991 

—  14391 

-18440 

-I99M 

-21060 

« 

—  COM 

-  4974 

-  3014 

4-  351 

+  1500 

7 

+  SIM 

+  7444 

+  8804 

+  10114 

+  10730 

• 

-90441 

•• 

-35971 

—41740 

-47844 

-50790 

9 

—21771 

—33964 

-235S0 

-25370 

-27914 

-30040 

to 

+35911 

+  90510 

+94590 

+«22! 

+54000 

-89090 

U 

-  4911 

-  2530 

-  Keo 

h  2400 

+  4470 

-  8444 

.12 

—  SOI^ 

— 

—  S7i;q 

-  95301 

-  9990| 

-10 390 

1)  Reaction  No.:  2)  value  of  AZ  in  cal/mole  at 
temperature  of  (degrees  K). 


A  detailed  themodynainic  amlysis  of  reactions  in  the  CaS0||-Si02 
system  was  made  by  Tshebatovskiy  et  al.  [312].  The  authors  coiqputed 
the  change  in  thermodynamic  potential  in  the  temperatiu*e  range  from 
1100  to  ITOO^K  for  nineteen  reactions  that  nay  occur  in  this  system: 


2CiSO«  +  SK^->Ca,SiO«  +  2SOb  +  Ob.  (l) 

CaSO«+Si(\-..CaSiOb-i-SGb  +  -|-<V  (2) 

aCaSO,  +  2SK\-<.C«,SiA+3SOb+lY(V  (3) 

xasc^4>SA-*cam+»0b+i-|-Ob.  (*) 

CsjSia-^SiQ|^3CaSl(V  (5) 
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TABLE  21 

Change  in  Thermodynamic  Potential  of  CaSO||- 
Si02  System  During  Course  of  Various  Reactions 
in  It  C 312] 


23i**'wiiiu  a  ir«j  apa  TtMaapatjrfai  a  rftl.  K 

IM  1  laa#  n  HM  i  wSl  I  Vtl 


+  102381 
-  2-196 
+  48630 


+  76811 
+  23977 

-  6903 
-18930 
+  5028 
-43607 
-35858 
+  32394 

-  4210 
+430S0 


+  40515 
+  19402 
+84750 
+  83495 

-  1490 
+  43005 
+  8050 
+24340 
--21 115 
--64  106 
--16323 

-  6571 
-18711 

-  3500 
-45510 
-35313 
+25984 

-  4893 
+36  890 


+  27  541 
+  13434 
•f  46491 
+  65015 

-  438 
--37  500 
--I0  430 

-  - 18  757 
--14  108 
--S1S95 
--  8528 

-  6  220 

-  18484 

-  9970 

-  47  472 

-  24  738 
+  19666 

-  5583 
+  30843 


+  14735 
+  7580 
+  28543 
•+46837 
-+  377 

+  33120 
+  12923 
+  13800 
--  7164 
--39394 
--  883 

-  5848 
-18253 

-  17  382 
•49500 

-  24150 
+  13  427 

-  6255 
+  34900 


+  2403  -  9350  -  39089 
--  1871  —  3480  —  8009 
- -11350  -  4770  -39799 
--39340  +13900  ^  8109 
--  1394  --  3340  +  3306 
r-36t66  --33 190  4-17509 
--154)76  --17912  -+20419 
--  8855  --  4988  —  ISO 
--  533  —  5770  — II9S9 

-+27510  +)e-33  +  5828 
--  6530  -13618  -30S8I 

-  5698  -  5544  -  5339 
-18<M3  -17820  -^17636 
-34577  -31460  -38219 
-51547  -53658  -55779 

-  23797  —  23  437  —  33056 
+  7564  -  2054  —  3336 

-  7038  -  7830  -  8509 
+  19210  +13870  +  9699 


1)  Reaction  No.:  2)  value  of  liZ  in  cal  at 
temperature  of  (degrees  X). 


CtpSiOa  +  CoSO^  -*  CojSlOi  +  SO,  +  -i-  cv 
3C4i,Si04  +  SiO,  2Ca,Si/>,, 

CapSK),  +  CaSO^  +  SlO,  CaaSl,0,  +  SO,-+  -^O,. 

CaSiO,  +  CaSO,  Ca,SiO,  -J-  SO,  -+  -Lq,, 
CaSiO,  +  2CaSO,  -  CaaSiO,  +  2SO,  +  O,, 
Ga,Si,0;  +  CaSO^  —►  20aSi,O|  +  SO,  +  — ^ 

Ca,Sl,0,  +  SlO,  -*  3CaSlO„ 

Ca,SlO,  +  SlO,  -+  Ca,Sl,0„ 

Ca,SlO,  +  SlO,  +  CaSO,  -►  2Ca,SlO,  +  SO,  + 

2Ca,SlO,  +  SlO,  -*  SCajSlO,, 

Ca,SlO,  +  2SlO,  -4-  aCaSlO,. 

2CaSiO,  +  CaSO,  -»  CaaSi,0,  +  SO^  + 

Ca,Sl.O,  -►  Ca,SlO,  +  CaSiO,, 

CaSO,  -♦  CaO  -J-  SO,  +  -^O,. 


(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(ill 

m 

(ill 

(17) 

(18) 

(19) 


.  The  results  of  the  calculations,  which  are  presented  in  Table 
21  and  Fig.  51p  enable  us  to  tabulate  the  probabilities  of  the 
different  reactions  in  the  region  of  relatively  low  temperatures 
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(1100-1500^  or  -800  to  1200°)  and  relatively  high  temperatures  (1^00- 
1700°K  or  -1200-1400°) . 


Pig.  51.  Variation  of  thermodynamic 
potential  during  reactions  in  the 
CaS0|^  -I-  Si02  system.  A)  -t!L,  kcal. 

It  is  clear  that  among  the  primary  processes  (1-4)  in  which  sil¬ 
icates  appear  in  the  region  of  relatively  low  temperatures,  the  most 
probable  from  the  thermodynamic  standpoint  is  formation  of  CaSiO^  by 
reaction  (2),  which  involves  the  lowest  value  of  AZ,  followed  by  the 
forMtion  of  CSgSiOj^  by  reaction  (1),  which  is  characterized  by  a 
larger  teBg>erature  coefficient  of  dZ.  Uhlike  Ca2S10j|^,  which  reacts 
with  quartz  by  reaction  (5)  and  Ca^Si20Y,  which  can  deconq;)ose  into 
CagSlO^  and  CaSiO^  by  reaction  (l8)  and  react  with  Si02  to  form 
CaSlO^  by  reaction  (l8)  and  react  with  SlOg  to  form  CaSlO^  by  reac- 
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tlon  (12),  the  silicate  of  composition  CaSiO^  is  thernodynanlcally  ^ 
stable  over  this  entire  tenv>erature  range,* 

In  the  region  of  higher  temperatures,  reaction' (1),  In  which  ■  -  .  * 
Ca2Si02^  forma,  becomes  most  probable  from  an  energy 'standpoints  The 
probability  that  it  will  vanish  in  accordance  with  (5)  in.  this  region 
•  is  greatly  reduced.  CaSlO^  is  unstable:  reaction  (9)  converts  it  to 
CagSlO^^.  The  probability  of  formation  of  Ca2Sl20y  by  (3)  beccnnes  con¬ 
siderable  only  at  a  temperature  of  about  l400^,  since  if  it  appears 
at  lower  temperatures  it  is  converted  Into  CSgSiOji^  In  accordance  with 
(11).  Moreover,  the  Ca^SigOy  that  has  appeared  deconposes,  as  noted 
above,  into  the  ortho-  and  metaslllcates  in  accordance  with  (l8). 

Certain  of  these  conclusions  enable  us  to  refine  and  supplement 
our  thermodynamic  characterization  of  the  processes  in  which  calcium 
silicates  form,  as  it  was  given  earlier  by  other  investigators. 

The  thermodynamic  conditions  of  formation  of  barium  silicate  (305, 
3131  and  strontium  silicate  [3031  have  been  studied  on  a  number  of 
occasions.  The  most  detailed  and  rigorous  thermodynamic  Investigation 
of  the  BaO-SlOg  and  SrO-SlOg  systems  was  made  by  Glushkova  [3051.  The 
author  compiled  the  enthalpies  of  formation  of  the  silicates  of 
barium  and  strontium  —  partly  from  literature  data  and  pairtly  from 
estimates  using  the  Isoatome  method  —  and  the  heat  capacities  of  cer¬ 
tain  compounds  belonging  to  these  systems,  as  computed  by  the  Landla 
method,  and  used  these  data  as  a  basis  for  deriving  equations  for  the 
temperature  dependence  of  the  free- energy  change  for  the  following 
twenty-nine  reactions: 


DaO  -f  SiOt  -  BaSiO,, 

(1) 

i 

2BaO-j-SlO,-vB8,SlO,, 

(2) 

•  P 

3BaO  -f  SiO,  -*■  Ba,SiO^. 

(3) 

1 

Ba0  +  2Si0^oBaSi^ 

(^) 

1 

i 
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0 


(5) 

BaOj  +  SiC^ BaSlO^  + 

(6) 

SBaO^  +  SiOb -o  Ba,SlO«  +  0,. 

(7) 

#o% 

3BaO,  f  SK), -f 

BaO,  2SiO^  4.  BaSip,  + -yOr 

(9) 

BaO.  -}■  BaSiO,  -*  BatSiO, 

(10) 

I 

BaCO,-*BaO  +  C(V 

(11) 

BaCO,  +  SiO,  -V  RaS|(\  +  C(\. 

(12) 

2BaCO,  !-  SlO,  -  +  2C<V 

(13) 

3BaCO,  +  SlOi  -  B.i,SlO,  +  300^,  i 

(1^) 

BaCO,  +  Da,SiO,  -  Ba,SK3^  +  00^ 

(15) 

2BaCO,  -|-  BaSiO,  ->  BSaSiO,  +  2C<\, 

(16J 

BaCO,-|-  BaSlO,  -*■  BajSlO,  +  CO^ 

(17) 

BaCO,  +  2SlO,  -  BaSijO,  +  C<V 

(18J 

4BaCQ,  +  SlO,  -♦  Ba^SlO,  +  ACO„ 

(19) 

2Ba,SiO,  +  SK),  3Ba,SiO,. 

(20) 

SrCO,-»SrO-i-C(V 

(21) 

SrCQ,  +  SlO,  -♦  SrSlOi  +  OCV 

(22) 

2SrCO,  +  SlO, SfjSlO, + 2CCV 

(23) 

3SrCQ,  +  SK\  -♦  Sr,SK),  +  3CCV 

(24) 

SrCb,  +  prSlQ,  h.  Sr^lO,  +  CO^, 

(23) 

SrOi^SiO  +  -LO|, 

(26)  . 

SrO  -f-  Sl(^  -►  SrSiO, 

(27) 

2SrO  4-  SiC^  -♦  Sr,SiO,, 

(28) 

3SrO  +  SK^  -♦  Sr,SlO,. 

(29) 

The  values  of  the  free-energy  changes  according  to  reactions 
(1>29)  are  presented  In  Figs.  ^2  and  33  aa  computed  in  Reference  [303]> 
Examination  of  these  diagrams  enables  us  to  compile  the  thermodynamic 
probabilities  of  the  various  reactions  and,  accordingly,  the  proba> 
bllltles  of  formation  of  the  various  compounds  in  the  systems  studied. 

Among  other  things,  it  follows  from  Fig.  32  that  at  teiqperatures 
(  below  700-750^*  only  barium  metasilicates  can  form  in  mixtures  of 

silicon  dioxide  with  barium  carbonate  in  a  carbon-dioxide  medium  or. 
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the  metasllieate  (curve  13),  while  at  temperatures  above  600*^,  forma, 
tlon  of  Ba2S10^  la  thermodynamically  more  probable  than  that  of  BaSlO^. 

At  these  tenyperatures*  the  metasllieate  present  In  the  system  may 
Interact  with  the  unreacted  BaCO^  and  be  converted  to  the  orthoslllcate. 
Cmsequently,  as  long  as  there  Is  barium  carbonate  on  the  Interface, 
barium  orthoslllcate  forms  preferentially.  At  temperatures  above  900^ 

In  mixtures  rich  In  barium  carbonate,  there  Is  a  possibility  of  forma¬ 
tion  of  trlbarlum  silicate,  eltiii'r  from  the  Initial  components  or  by 
reaction  of  BaCO^  with  the  barium  meta-  and  orthosilicates  (see  Pig. 

32,  curves  l4.l6). 

In  S102*rlch  mixtures,  reactions  with  the  excess  of  silicon  dl- 
oxide  should  take  place  after  complete  bonding  of  the  barium  Into  the 
ortho-  and  trlbarlum  silicates  and  result  In  the  formation  of  the  meta- 
slllcate. 

A  similar  pattern  should  be  observed  In  synthesis  of  barium  sili¬ 
cates  from  barium  peroxide  and  silicon  dioxide:  at  relatively  low 
temperatures,  BaSlO^  and  BagSl^Og  form  preferentially,  while  at  high 
teiiQ>erature8  we  see  preferential  formation  of  barium  orthoslllcate  and 
trlbarlum  silicate  (see  Pig.  3^,  curves  6-10). 

Examination  of  the  characteristics  of  the  free-energy  change  that 
takes  place  in  formation  of  the  various  strontium  silicates  (Pig.  33) 
enables  us  to  evaluate  the  probability  of  their  formation  at  various 
temperatures  In  Just  as  detailed  a  manner. 

It  ahould  be  noted  that  the  results  of  the  experimental  Investi¬ 
gations  of  Keler  and  Olushkova  [ 3l4 ]  fully  cemf Irm  reasoning  concern¬ 
ing  the  reactions  In  the  systems  examined  above  that  proceeds  from 
thermodynamic  calculations  based  on  estimates  of  the  compound- forma¬ 
tion  enthalpies  by  the  Isoatome  method. 

On  the  basis  of  the  calculations  that  he  undertook,  Matveyev  [315) 
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‘  gave  •  thennodynaunlc  characterization  of  the  reactions  in  the  CaO- 

Here  he  considered  four  primary  reactions  in  which  the 
basic  coiQpounds  possible  in  the  system  are  formed  from  the  oxides: 

3CaO  +  AlA^3CaOAlA. 

12CaO  h7AlA-"  >-Ca0.7AI,0„ 

CaO  }-AlA- CaO-AlA 
CaO-l  2AIA-^CaO-2AlA 
and  "derivative"  reactions  of  the  type 

(mq  —  n/i)CaO  -i-  n(j>CixO  q\\fi^  -*  qimC&Q-nKXfi^ 

and 

(ap  —  «^)AIA  r 

On  compiling  the  AZ-values  that  he  had  calculated,  Matveyev 
arrived  at  the  following  conclusions;  Prom  the  thermodynamic  standpoint, 
formation  of  the  compounds  SCaO-AlgO^  and  12CaO*7Al202  is  most  probable 
in  the  system  (this  is  in  agreement  with  data  on  the  actual  composition 
of  Portland  cement)  I3l6];  this  does  not  exclude  the  formation  of  the 
compounds  Ca0*Al202  and  Ca0*2Al202  from  the  oxides;  in  the  presence  of 
free  calcium  oxide,  compounds  with  large  aluminum- oxide  contents  will 
be  converted  into  compounds  with  smaller  contents;  the  reverse  con¬ 
version  is  Improbable  from  a  thermodynamic  standpoint;  in  a  mixture  of 
CaO  with  7-AI2O2,  this  sequence  of  compound  formation  Is  quite  probable: 

CaO^AIjO,-*-  CaO- AI,0,  -*■  12CaO-7AlA  -s-  SCaO- AlA- 

The  author  notes  correctly  that  the  stoichiometric  proportions 
and  the  kinetic  factors  governed  by  the  structural  peculiarities  of 
the  reagents  may  play  a  certain  part  in  the  formation  of  the  various 
compounds  in  this  system. 

In  a  paper  published  in  1958,  Matveyev  [315)  expounds  a  method 
of  approximate  calculation  of  certain  properties  of  compounds  belong¬ 
ing  to  systems  of  the  type  Me0-R02  and  Me0-R202;  this  method  is  based 
on  application  of  structural  principles  to  thermodynamic  phenomena. 
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Thermodynamic  investigation  of  high-temperature  processes  in 
oxlde-earbon«  sulfate- carbon  and  other  similar  systems  is  of  great 
interest;  this  applies  particularly  to  the  CaSO^^  -f  C  system,  which  is 
of  great  industrial  importance  [317-321). 

The  reaction  in  a  mixture  of  calcium  sulfate  with  carbon  may  con- 
*  sist  of  many  reactions,  which  are  accompanied  by  formation  of  various 
products  [317-3191.  There  exist  a  wide  variety  of  conceptions  as  to 
the -essential  nature  and  sequence  of  these  reactions,  and  concerning 
their  relative  importance  in  the  mechanism  of  the  over-all  decomposi¬ 
tion  process  of  the  above  mixture  [317-319,  322,  323).  For  this  reason, 
the  possibility  of  clearing  up  these  problems  by  thermodynamic  analy¬ 
sis  is  extremely  attractive. 

Such  analysis  was  carried  out  in  greatest  detail  by  Volkov  (324) 
in  a  study  carried  out  under  the  supervision  of  one  of  the  authors. 
Volkov  computed  the  change  In  the  isobaric- Isothermal  potential  In  the 
temperature  range  from  700  to  1100^  for  ten  reactions  of  this  system: 


C«SO,  +  2C-^CaS  +  2C<V  (l) 

CaSO,  +  4C  as  +  4CO,  (  2) 

aso4+4CO-.as+4COi,  (3) 

as+3aso,-,-4ao+4SCv  (4) 

3as+aso«-,>4ao+2s^  (5) 

2aS-rSO,-^2CaO+I,5S|. 

asT2so,-^aso,+s„ 

4CaO  +  6SOi^4aSO,4-S» 

2SO,  +  4C-..4CO  +  Sj,  (9) 

2SO,  +  4CO-*4C<\  +  S,.  (10) 


The  calculations  were  carried  out  in  accordance  with  the  equation 

r  T  T  r 


T 


hi 


(B7) 
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TABI2  22 

Change  In  Thermodynamic  Potential  During’ 
Various  Reactions  In  CaSO^  +  C  System 


I  1)  Reaction  No.;  2)  values  of  AZ  In  cal  at 

j  temperatures  (in  degrees). 

i  , 

5 

I  Here,  the  theimochemlcal  data  (values  of  ^^298  ^298^  neces¬ 

sary  for  computing  AZ^  were  taken  from  References  [  325-327) »  the 
values  of  the  Integrals  from  the  tables  of  Shvartsman  and  Temkln  [328], 

and  the  values  of  the  coefficients  Aa^,  Aa^^  and  so  forth  were  found 

I 

I  from  sufficiently  exact  equations  for  the  temperature  dependence  of 

1  the  heat  capacities  of  the  corresponding  solMs  [325-327). 

Table  22  shows  the  results  of  these  calculations. 

The  data  of  Table  22  and  Pig.  54  enable  us  to  draw  certain  con¬ 
clusions  conceding  the  course  taken  by  individual  reactions  in  the 
CaSO^  +  C  system. 

It  Is  clear,  for  example,  that  in  the  temperature  range  studied, 
reactions  (4-6)  are  thermodynamically  Improbable;  nor  can  reaction 
(7)  take  place  above  800°.  Reduction  of  calcium  sulfate  by  carbon  at 
tenqperatures  above  800°  should  take  place  preferentially  by  reaction 
(2),  with  formation  of  carbon  monoxide;  this  Is  In  agreement  with  the 
data  of  Oofman  and  Mostovlch  [ 247 ) . 

Of  the  reactions  In  which,  sulfur  forms  by  reduction  of  SOg  by 
carbon  and  Its  monoxide,  reaction  (9)  Is  thermodynamically  most 
probal;'.e.  When  these  reducers  are  present  In  Inadequate  quantities 
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1  -448G6 

2  —IS  KS 

3  -44610 

4  73960 

5  6S104 

6  30333 

7  -  4428 

8  -78388 

9  -49573 

10  -49016 


3ii,<itiiin  »I  •  I 


-53068 
-61  696  - 
- 14  407  • 
56877 
57531 
38  889 
333 
-56631  • 
-61  449  - 
-43  593- 


I  -61 133  • 
I  -78 144  • 
)  —44 133 
I  403.39 
I  50093 
27475 
4927 
—35312  - 
-73375- 
-38738- 


I  •  rf,i. 

*»  I  loce  I  1080 


-  73033 
-103493 
-43558 

15745 

39033 

35346 

11644 

-  4208 
—90914 
-31596 


-^65133  -69094 
-86294  -94  117 
-43960  -  43  759 
320IS  23868 

16a>S  42651 

2r>7&t  26056 
73iJ>  9421 

-24  813  -14  450 
-79175  -85060 
-36  416  -33942 


-  76938 
-110526 
—43  337 

7827 

35496 

24648 

13786 

5906 

-  96802 
-39248 


Fig.  5^.  Change  in  thermodynamic 
potential  during  inactions  In 
CaSO^  ■¥  C  system.  A)  kcal. 

for  the  reaction  to  take  place  at  teiq>eratures  lower  than  1070°,  sul¬ 
fur  may  also  he  formed  hy  reaction  (8). 

The  data  obtained  in  the  calculation  not  only  account  for  certain 
experimentally  established  phenomena  (e.g.,  the  observed  higher  con- 
sunqptlon  of  calcium  sulfide  than  that  necessary  for  reaction  (4)  [3231} > 
but  also  facilitate^ selection  of  process  conditions  In  conformity  with 
the  purpose  of  the  praeemm. 

The  Influence ;Cf  tiye  conditions  prevailing  In  the  reactions  on 
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their  course  has  been  established  in  a  similar  fashion  for  many  other 
reactions  in  mixtures  of  crystalline  solids.* 

What  Is  essential  Is  that  correct  comparative  characterization  of 
the  probabilities  of  the  various  reactions  in  a  system  on  the  basis  of 
calculations  similar  to  those  described  above  Is  possible  only  for  the 
Ideal  case  of  strictly  solid-phase  reactions.  Participation  of  small 
quantities  of  gaseous  or  liquid  phases  in  the  chemical-conversion 
process  of  the  reaction  mixture  may  radically  change  the  pattern  of 
the  process  (see  §4,  Chapter  3). 

It  is  no  less  important  that  thermodynamic  considerations  and 
calculations  may,  In  general,  be  found  Inadequate  as  a  basis  for  Judg¬ 
ments  to  the  effect  that  a  reaction  must  necessarily  proceed  In  a 
given  direction  If  the  conditions  that  determine  Its  kinetics  are  not 
taken  Into  consideration. 

A  high  activation- energy  value,  large  grain  size  and  small  con¬ 
tact  area  between  the  reagents  and,  finally,  a  high  diffusion  resis¬ 
tance  to  the  process  may  make  the  unfolding  of  a  thermodynamically 
probable  reaction  practically  Impossible.  This  applies  particularly  to 
reactions  in  crystalline  mixtures. 

For  this  reason,  correct  conclusions  as  to  the  course  taken  by 
such  reactions  are  possible  only  as  a  result  of  complex  thermodynamic 
and  kinetic  Investigation  of  these  reactions. 
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[Footnotes] 


A  large  aaount  of  infomatlon  on  the  themoehesilcal  data  of 
the  slUoatea  will  be  found  In  the  inorK>graph  of  V.  Sytel*, 
laneokhlnlya  slllkatov  [Silicate  Ihemochenlatryli  Proi^^, 
stroylzdat,  1957. 

This  problem  is  illuminated  in  greater  detail  In  §5  of 
Chapter  2. 

The  line  expressing  the  change  in  dz  In  accoz^ance  with 
reaction  (15) >  wh^ch  is  not  shown  In  Fig.  51*  is  situated 
much  higher  than  jine  l6>  as  will  be  seen  from  the  tabu¬ 
lated  data. 

The  calculation  is  simplified  considerably  by  the  previously 
mentioned  Vladimirov  method  [329]*  which  is  based  on  use  of 
the  additive  property  of  the  equilibrium  constants  of  com¬ 
plex  reactions  and  preliminaz^  tabulation  of  a  number  of 
functions  related  to  them.  Use  of  the  auxiliary  table  com¬ 
piled  by  the  author  makes  it  possible  to  obtain  easily  the 
value  of  the  equilibrium-constant  logarithm  for  any  com¬ 
plex  heterogeneous  reaction.  Here,  the  accuracy  of  the 
calculation  corresponds  to  the  third  Ullkh  approximation 
and  to  the  Temkin-Shvartsman  method. 
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o6p  =  obr  =  obrazovanlye  =  formation 


Chapter  5 

•  KINETICS 

$1.  mSTQRY  OF  STUDY  OF  THE  PROBLEM 

The  kinetics  of  reactions  in  crystalline  mixtures  Is  one  of  the 
most  Important  and  complex  problems  of  their  theory.  At  the  same  time, 
relatively  fern  students  have  been  concerned  until  recently  with  the 
relationships  controlling  the  rates  of  these  reactions. 

The  first  attempts  to  establish  relationships  In  this  field  were 
undertaken  by  Tammann. 

Studying  the  reactions  between  thin  plates  of  copper  and  tungsten 
oxides,  Tammann  [211]  established  that  the  rate  of  this  process  may  be 
expressed  by  the  equation 

—  .JL 

or 

Jf— /f!n<  +  C, 

where  x  Is  the  thickness  of  the  product  layer,  t  Is  the  time,  and  K  la 
a  constant  that  depends  on  the  properties  of  the  reagents  and  the  con¬ 
ditions  of  the  process. 

Some  time  later,  proceeding  from  the  fact  that  the  limiting  stage 
of  the  solid-phase  process  is  diffusion  of  a  reagent  through  the  pro¬ 
duct  layer  and  arbitrarily  regarding  the  diffusion  layers  on  the  sur¬ 
faces  of  the  powdered- reagent  granules  as  flat  and  using  the  familiar 
relationship  of  Flk  for  the  diffusion  rate  through  flat  layers,  Yander 
[221,  330]  showed  that  under  Isothermal  conditions,  the  rate  of  such 


(88) 

(89) 
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a  process  must  be  subject  to  the  eQuation 


or 

Here, 


K'DCt 

* 


(90) 


(92) 


where  K*  Is  a  constant  that  depends  on  the  properties  of  the  reagents 

9 

and  the  process  conditions,  is  the  concentration  of  the  diffusing 
reagent  at  the  external  surface  of  the  diffusion  layer  of  product,  D 
is  the  diffusion  coefficient  of  this  reagent  in  this  layer  and  is 
the  initial  grain  radius  of  the  reagent  that  becomes  coated  by  the 
product  layer  in  the  reaction  process. 


Pig.  55.  Kinetics  of  reac¬ 
tion  CaCO^  +  MoOj  -*  CaMoO|^  + 

■+  COg  (after  Yander) .  A) 

Time  in  minutes. 


It  should  be  noted  that  Equation 
(91)  was  derived  earlier  by  Tammann 
1331»  332]  for  the  rate  of  conversion 
of  silver,  copper  and  lead  plates  in 
an  air  medium  containing  halogens. 

In  view  of  the  difficulty  of  ex¬ 
perimental  determination  of  the  thick¬ 
ness  X  of  the  product  layer  in  powder 
mixtures,  Yander  expressed  it  in  terms 
of  the  degree  of  chemical  conversion  of 


the  reagent  coated  by  the  product  layer  in  the  reaction  process.  This 
gave  rise  to  the  equation 


(93) 


where  £  expresses  the  extent  of  conversion  of  this  reagent  to  the 
product  in 

Yander  verified  the  vijlldlty  of  Equation  (93)  experimentally  for 
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Fig.  56.  Kinetics  of  reaction 
BaCOg  +  SiOg  —  BaSiOj  +  COg  (af¬ 
ter  Yander).  A)  Time  in  minutes. 

the  reactions  of  barium  carbonate  and  calcium  carbonate  with  silicon 
monoxide,  as  well  as  that  of  calcium  carbonate  with  molybdenum  oxide. 

In  Yander's  experiments,  the  acidic  oxide  was  taken  in  a  10- fold 
stoichiometric  excess  over  the  carbonate,  and  the  values  of  the  func¬ 
tion  computed  from  the  degree  of  the  latter's  con¬ 

version.  Thus,  the  validity  of  Yander's  Equation  (93)  was  confirmed 
experimentally,  as  shown  by  Figs.  33  and  36,  which  have  been  borrowed 
from  his  work. 

It  should  be  noted  that  in  the  study  under  consideration,  Yander 
verified  the  validity  of  his  equation  preferentially  for  small  degrees 
of  conversion  of  the  reagents:  in  many  of  his  experiments,  the  extent 
of  conversion  of  the  carbonate  was  below  23jt,  in  the  overwhelming 
majority  of  the  experiments  it  was  in  the  40^  range,  and  not  once  did 
It  exceed  ^0%.  Furthermore,  the  method  used  by  Yander  to  process  the 
ejqperlmental  data  cannot  be  theoretically  Justified.  It  is  not  admis¬ 
sible  to  proceed  in  all  calculations  from  the  degree  of  conversion  of 
one  of  the  reagents  (for  exan^le,  the  carbonate,  as  was  done  in  the 
report  being  described)  Irrespective  of  which  reagent  produces  the 
more  mobile  particles.  The  fact  of  the  matter  Is  that  Equation  (93) 
describes  the  change  in  the  ptrocess  rate  as  a  function  of  the  extent 
to  which  the  reagent  that  is  '"coated’'  hy  the  diffusion  layer  and  not 

-  23B  - 


th«  diffusing  reagent  is  converted.  However,  the  difference  between  the 
conversion  figures  for  the  former  and  the  latter  may  be  (and,  Incident* 
ally,  was  In  Yander's  experiments)  exceedingly  large. 

Zt  follows  fr<»t  Equation  (92)  that  for  a  given  value  of  and  a 
constant  or  linearly  varying  concentration  Cq,  the  value  of  the  eo-  '  . 
efficient  K  of  Equation  (93)  should  be  proportional  to  the  diffusion 
coefficient  D. 

Since  the  temperature  dependence  of  the  latter  takes  the  form 

then,  according  to  Yander,  the  arbitrary  rate  constant  of  the  reaction 

o 

where  C  >  K'DCq/^^,  E  is  the  so-called  "softening”  energy  of  the 
crystal  lattice,  R  Is  the  gas  constant,  and  T  is  the  absolute  tempera¬ 
ture. 

Equation  (93)  presupposes  an  Isothermal  process. 

To  describe  the  kinetics  of  the  exothermic  reactions,  which  are 
acconqpanied  by  a  change  in  temperature  during  the  process,  Yander 
[333]  proposed  the  approximate  equation 

(94) 

p 

where  C  depends  on  the  heat  effect  of  the  reaction  and  K  > 

is  the  coefficient  In  Equation  (93)  written  for  the  Initial  time 
point  of  the  reaction.* 

The  experimental  verification  of  this  equation  undertaken  by 
Yander  on  the  reactions  of  barium*  carbonate  with  tungsten  oxide  and 
silver  sulfate  with  lead  oxide  showed  an  insignificant  disagreement 
between  the  data  of  calculations  by  Equation  (94)  and  those  from  ex¬ 
periments.  In  a  subsequent  report  [334],  Yander  noted  that  the  rate 
of  the  reaction  depends  not  only  on  the  grain  size  of  the  reagents. 


but  also  on  the  eonposltlon  of  the  mixture,  the  method  used  In  prepar¬ 
ing  it,  the  structure  of  the  Initial  substances,  and  the  structure  of 
the  reaction  products,  so  that  no  definite  numerical  value  of  the  co¬ 
efficient  K  in  Equation  (93)  can.  In  general,  characterize  a  given  re¬ 
action  in  different  experiments. 

Since  Equation  (93)  had  been  verified  only  In  mixtures  character¬ 
ized  by  a  single  constant  proportion  between  the  reagents,  Yander 
noted  in  the  same  paper  that,  on  the  basis  of  study  of  the  reactions  of 
calcium  carbonate  with  molybdeniim  oxide  and  barium  carbonate  with 
silicon  oxide,  the  equation  Indicated  remains  valid  for  various  re¬ 
lationships  between  the  reagents  In  the  Initial  mixture. 

A  significant  number  of  papers  by  other  authors  who  studied  the 
kinetics  of  reactions  In  mixtures  of  solids  are  based  on  the  Idea  that 
these  reactions  are  all  of  the  same  type  and,  consequently,  that  their 
kinetic  relationships  can  be  described  by  a  single  equation.  Here,  the 
equations  used  most  frequently  were  Yander's  Equation  (91)  or  Equation 
(93). 

The  authors  of  papers  that  followed  this  approach  attempted  to 
establish  correspondence  between  the  kinetics  of  the  process  that  they 
were  studying  and  Equation  (91)  or  (93)  or  at  least  to  find  correction 
factors  for  them  that  would  characterize  the  special  nature  of  the 
process  In  question.  Certain  other  investigators  proceeded  from  the 
Idea  that  It  was  possible  to  describe  fully  the  kinetics  of  a  given 
"solid-phase”  chemical  reaction  over  its  entire  course  by  an  equation 
peculiar  to  this  chemical  reaction.  In  much  the  same  way  as  Is  done 
for  homogeneous  systems.  Here,  efforts  were  made  to  ascertain' a.  cor¬ 
respondence  between  the  kinetics  of  the  process  being  studied  and 
equations  of  mononiolecular,  blmolecular  or  autocatalytlc  reaction  In 
their  usual  form,  or  to  obtain  empirically  a  new  equation  that  de- 


scribed  the  kinetics  or  the  reaction  In  question. 

Bxasiples  of  research  In  the  first  trend  are  the  reports  of  Masiykln 
and  Zlatkln  1 3351 »  Zhuravlev  et  al.  13361»  Pol'  and  Teylor  1337],  aijd 
Oll'sejiv  and  Rlsel'berg  [3381*  while  research  In  the  second  trend  Is';, 
exemplified  by  the  work  of  Khouers,  Masklll  and  Tamer  [3391  and  the^ 
numerous  studies  of  Yaglch  [223,  3^0  and  othersl. 

All  of  these  Investigations  and  many  others,  while  they  permitted 
us  to  establish  certain  Important  relationships  pertaining  to  the 
problem  under  consideration,  nevertheless  left  room  for  vagueness  and 
contradiction  on  certain  Important  points. 

Thus,  Equation  (88)  of  Tammann  was  confirmed  by  the  experiments 
of  Tammann  et  al.  [211,  331],  Khedval  and  Yaglch  [340],  Oll'aen  and 
Rlsel'berg  [338]  and  other  authors. 


On  the  other  hand,  on  the  basis  of  the  experimental  data  that 
they  obtained,  many  Investigators  Indicated  that  B3q>res8lon  (88)  was 
unsatisfactory  for  this  purpose  and  that  Equations  (91)  of  Tammann 
and  (93)  of  Yander  were  valid.  In  addition  to  Yander,  Plshbek  [34l], 
Pol'  and  Teylor  [337],  Mamykln  and  Zlatkln  [335],  Blshof  [342]  and 
others  arrived  at  the  same  conclusion  as  a  result  of  their  work. 

Pol'  and  Teylor  studied  the  reaction  kinetics  at  700-760°  of 
soda  mixed  with  quartz  In  1:2  molar  proportions  and  that  of  soda 
mixed  with  mulllte  with  molar  proportions  of  1:3  and  1:1.  The  maximum 
degree  of  conversion  reached  11%  for  the  first  reaction  and  33%  for 
the  second  reaction.  In  both  cases,  the  authors  observed  an  almost 


linear  relationship  between  the  values  of  the  function!*— 


of  the  extent  of  conversion  of  the  soda  and  the  blme  of  the'  process  at 
various  ten^eratures .  On  this  basis,  they  concluded  the  validity  of 
Equation  (0;3)  for  description  of  the  kinetics  of  reactions  of  this 
type.  » 
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Manykin  and  Zlatkin  {3331  Investigated  the  kinetics  of  aillcate 
formation  in  the  system  Ca0>S102  temperatures  of  800,  1200  and  1400^ 
On  the  basis  of  results  obtained  in  roasting  a  mixture  of  these  oxides 
at  1200^  with  a  molar  ratio  S102/Ca0  «  2^,  the  authors  computed  values 
of  the  Yander  function  (Table  23)  and  concluded  that  the  increase  in 
the  thickness  of  the  reaction  layer  Is  proportional  to  the  square 
root  of  time  in  accordance  with  Equation  (93) • 

TABLE  23 

Kinetics  of  Formation  of  Silicates  in  Ca0>S102 

System  (after  Mamykin  and  Zlatkin) 


1  llftoa 
*  ■  mac. 

2au«i,  •  K 

3 

^llpomemt  fcsauiui* 

CiO 

SiO, 

0 

3.5 

96.5 

0 

0 

0.3S 

1.5 

95.3 

S6.3S 

5.81  10^ 

0.S 

i.l 

65,7 

9,0  -IS-* 

1 

1.0 

70,0 

10.«.|0-* 

a 

O.S 

94,6 

76.57 

14,71. 10-* 

6 

0.4 

94,5 

88.0 

25.69. 10-* 

a 

0.3 

94.5 

.91,4 

31.23.10-* 

1)  Time  in  hours;  2)  analysis  in  3)  "per 
cent  reaction." 


In  connection  with  the  last  two  papers,  it  is  necessary  to  stress 
again  that  in  studying  the  diffusion  kinetics  of  a  reaction  in  a  solid 
mixture,  we  should  employ  in  the  calculations  the  values  of  the  con¬ 
version  ratio  of  the  "coated"  (and  not  of  the  diffusing)  reagent.  With 
a  molar  ratio  of  2  between  the  silicon  dioxide  and  the  soda  in  the 
mixture,  they  react  with  one  another,  as  shown  by  the  data  of  Toropov 
[119]<  Llleyev  [3^3]  and  one  of  the  present  authors  [231],  with  foz*ffla- 
tion  of  sodium  metaslllcate,  i.e.,  in  1:1  proportions.  For  this 
reason,  the  degree  of  conversion  of  the  SiOg  in  this  mixture  is  always 
1/2  that  of  Na2C0^.  Since  the  diffusion  layer  of  reaction  product 
forms  on  the  silicon  dioxide  granules  in  this  case,  values  of  the  de¬ 
gree  of  conversion  of  this  reagent  should  be  substituted  in  the  equa-  ' 
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tlon  for  the  reaction  kinetics. 

Vhen  mulllte  reacts  with  soda,  the  "coated"  reagent  la  the  aiulllte 
the  extent  of  whose  conversion  Into  the  product  stay  not  coincide  with 
that  of  the  soda  with  various  proportions  between  the  reagents  In  the 
initial  mixture .  The  maxlmvon  "per  cent  reaction"  (yield  of  product)  ' 
according  to  estimates  by  Pol*  and  Teylor  was  always  about  11,  as  ln-> 
dlcated  In  their  report,  when  the  first  process  takes  place  (more 
properly,  about  3*3) «  while  for  the  second  process  It  Is  about  33. 

When  calcium  oxide  reacts  with  silicon  dioxide,  the  diffusing 
component  Is  the  first,  and  the  "coated*  component  la  the  second  of 
these  reagents  [II8,  119,  277,  344].  Here,  the  layer  of  product 
formed  on  the  slllcon-dloxlde  grains  offers  resistance  to  diffusion, 
so  that  values  of  the  extent  of  conversion  of  the  SIO2  must  be  substi¬ 
tuted  Into  Equation  (93)  In  verifying  the  relationships  of  Interest  to 
us  In  the  present  case.  Since,  according  to  Mamykln  and  Zlatkln,  the 
molar  proportions  between  the  SlOg  and  CaO  were  and  their  reaction 
product  was  for  the  most  part  a  silicate  of  the  composition  3Ca0*2S102 
In  the  system  that  they  studied,  the  degree  of  conversion  of  SIO2  In 
the  study  Indicated  was  1/37.3  that  of  the  CaO.  For  example,  conversion 
of  only  1.3^  of  the  Si02  corresponded  to  36)(  conversion  of  the  CaO, 
while  the  highest  degree  of  conversion  of  SIO2  obtained  In  the  experi¬ 
ments  was  below  2.  3J<. 

According  to  this,  all  values  of  the  Yander  function  that  served 
as  a  basis  for  the  derivations  of  Reference  [333]  will  obviously 
change. 

The  above  naturally  restricts  the  possibility  of  using  the  re¬ 
sults  of  References  [221,  330-341]  for  generalizing  conclusions  as 
to  the  x*eactlon  kinetics  In  mixtures  of  solids. 

In  contra ilctl on  to  the  ctaocluslons  of  Yander,  Flshbek,  Pol'  and 

-  243- 


Taylor,  Mamykln  and  Zlatkin,  the  experimental  investigations  of 
Bereahnoy  [1,  292],  Zhuravlev  et  al.  [336]  and  other  authors  Indicate 
the  highly  relative  accuracy  of  Equations  (91)  and  (93)  and  the 
necessity  of  Introducing  correction  factors  into  them  in  many  cases 
that  differ  for  different  processes. 

On  the  basis  of  a  detailed  Investigation  of  reactions  in  mixtures 
containing  chalcedony,  Berezhnoy  [292]  concluded  that  Yander's  Equa¬ 
tion  (93)  la  actually  only  approximate.  Varying  the  grain  size  of 
magnesium  and  silicon  oxides  in  an  equimolar  mixture  of  thVim,  the 
author  obtained  various  values  for  the  extent  of  conversion  oi  the 
MgO  in  different  experiments  lasting  the  same  time  (see  Table  3^1-  On 
this  basis,  he  indicated  that  Yander's  Equation  (93)  Is  applicable 
only  for  fine-grained  mixtures  with  grains  of  approximately  the  same 
size. 

Avgustlnlk  andKurdevanldze  (3^5]  studied  the  kinetics  of  the 
polymorphic  transformation  of  silica  and  its  reactions  with  calcium 
oxide  (which  was  admittedly  added  in  quantities  of  about  2%  of  the 
SIO2  so  that  the  degree  of  conversion  of  the  latter  into  calcium 
silicate  could  have  only  negligible  values)  at  temperatures  between 
1200  and  1500°  and  showed  the  Inapplicability  of  Equation  (93)  for 
both  of  these  processes. 

Zhuravlev  et  al.  [336]  arrived  In  their  time  at  the  conclusion 
that  Yander's  Equation  (93)  was  invalid  for  the  process  that  they 
studied  —  that  of  formation  of  calcium  alumlnates  at  temperatures 
frran  700  to  1380°.  Apparently  assuming  that  the  concentration  of  the 
diffusing  reagent  on  the  outer  surface  of  the  diffusion  layer  of 
product  varies  in  proportion  to  the  extent  of  conversion  of  the  second, 
"coated"  reagent  during  the  course  of  reactions  In  mixtures  of  solids, 
the  authors  of  Reference  [336]  wrote  as  follows;  "If  we  take  Into  con- 
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sideration  the  Influence  of  the  changing  concentration  of  the  diffusing 
conponentf  the  basic  differential  equation  of  Yander  assunes  the 
following  fomt 

Prom  this,  after  expressing  x  in  terms  of  R  and  ^  and  integrating) 
it  follows  that 

(95) 

This  equation,  which  was  derived  on  the  basis  of  the  assumption 
indicated)  was  found,  according  to  the  authors,  to  be  more  accurate  in 
the  case  that  they  studied  than  Yander 's  Equation  (93) t  but  it  never¬ 
theless  led  to  a  considerable  discrepancy  between  theory  and  experi¬ 
ment. 

An  sttenqpt  to  use  Equation  (95)  to  describe  the  kinetics  of  the 
process  in  which  magnesium  silicates  fonn,  as  reported  later  by 
Kutateladze  and  Lutsenko  [3111>  was  unsuccessful.  The  reason  for  this 
may  consist  in  the  lack  of  Justification  for  assuming  a  direct  depend¬ 
ence  between  the  concentration  of  the  diffusing  component  on  the  out¬ 
side  surface  of  the  diffusion  layer  and  the  extent  of  conversion  of 
the  reagents.  In  a  tremendous  number  of  cases,  this  concentration  may 
be  regarded  as  constant,  following  Yander,  over  most  of  the  process. 

In  cases  where  It  varies,  it  may  be  symbatlc  but  not  proportional  to 
the  extent  of  conversion  of  the  "coated”  reagent. 

The  i?easoning  of  Pol*  and  Teylor  [337]  on  the  kinetics  of  reac¬ 
tions  in  solids  are  worthy  of  mention. 

These  authors  assume  that  the  kinetics  of  only  "solid-phase"  re¬ 
actions  can  be  (lescribed  by  Equation  (91),  while  that  of  others  (whose 
products  do  not ;accelerate  or  Inhibit  the  reaction)  can  be  described 

i 

by  the  equation  i 
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while  a  third  group  (autocatalytlc  reactions)  can  be  described  by 
the  equation 

(97) 

,  Actually,  as  will  be  shown  below,  each  of  these  equations  Is 
valid  only  In  certain  particular  cases  that  lie  within  very  narrow 
ranges  of  the  process  conditions,  and  these  three  equations  are  far 
from  adequate  for  a  generalized  description  of  the  kinetics  of  reac¬ 
tions  in  mixtures  of  solids. 

Yaglch  also  uses  Formula  (96)  to  describe  the  kinetics  of  a  number 
of  "solid-phase”  reactions  that  he  studied.  In  his  work,  which  was  done 
from  1942  to  19^7  and  In  part  referred  to  above,  Yaglch  Investigated 
the  rate  of  reaction  of  silver  sulfate  and  phosphate  with  magnesium 
oxide  In  a  mixture  of  monodlsperse  powders  of  the  reagents  with  the 
molar  proportions  between  the  ^0  and  the  silver  salt  equal  to  100. 

Then  he  studied  the  kinetics  of  the  same  reactions  In  polydisperse  mix¬ 
tures  containing  a  stoichiometric  excess  of  the  silver  salt. 

Thereafter,  Yaglch  Investigated  the  rate  of  the  reaction  between 
tableted  magnesium  oxide  and  magnesium  pyrophosphate: 

MgO  +  Mg,P,0,  -  Mg,(PO,)„ 

as  well  as  that  between  lead  oxide  and  lead  silicates: 

PbO  +  PbOSiO,- 2PbOSlOi, 

2PbO  +  2PbO  SlO,  -«■  4PbO  SlOi. 

And,  finally,  Yaglch  studied  the  kinetics  of  the  reaction  In 
which  spinel  forms  from  the  oxides  of  zinc  and  aluminum,  also  prepared 
In  tablet  form. 

It  was  found  as  a  result  of  these  Investigations  that: 

the  rate  of  the  reactions  between  powdered  silver  sulfate  (or 
phosphate)  and  magnesium  oxide  Is  subject  to  Equation  (96)  when  the 


latter  la  present  In  large  excess,  as  is  the  reaction  between  tableted 
Btagneslun  oxide  and  magnesium  pyrophosphate} 

the  rate  of  reactions  between  tableted  PbO  and  lead  silicates, 
as  well  as  those  between  tablets  of  ZnO  and  AlgO^  may  be  expressed  by 
Equation  (93) J 

the  kinetics  of  the  conversion  of  a  polydlsperse  mixture  of  MgO 
with  sliver  salts  with  the  latter  present  In  excess  may  be  described  . 
by«Bquatlon  (89) • 

Yaglch  reserves  detailed  explanations  of  this  difference  In  the 
kinetics  of  the  processes  that  he  studied  and  their  departures  from 
the  kinetics  of  "solld^phase"  processes  studied  by  other  authors. 
Nevertheless,  the  results  of  his  experimental  studies  are  of  great 
interest . 

As  will  be  seen  from  the  above  exposition,  much  Informstlon  on 
the  kinetics  of  reactions  between  solids  Is  Indeed  full  of  contradlc> 
tlons  and  leaves  many  problems  unclarlfled. 

As  was  noted  In  References  [230,  3^6],  the  chief  reasons  for  this 
type  of  unclarlty  and  contradiction  reduced  to  the  unjustified  tendency 
to  extend  the  kinetic  laws  prevailing  under  certain  conditions  in  one 
stage  of  a  reaction  to  the  entire  reaction,  to  reactions  similar  to  it, 
and  even  to  all  so-called  solid-phase  processes  In  general. 

§2.  GENERAL  CONSIDERATIONS 

In  accordance  with  the  above,  the  process  of  physicochemical 
change  In  e  solid  mixture  may  consist  of  several  simple  physical  and 
chemical  "'ilementary"  processes  (phenomena,  stages)  of  movement  by 
particles  c7  the  material  and  changes  In  Its  structure,  physical  state 
and  chemical  conqposltion. 

Among  .hese  phenomena  (stages),  chemical  reaction,  diffusion, 
subllmatlo’i  or  evaporation,  fusion,  crystallization  and  certain  others 
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may  ba  of  essential  Importance. 

The  rate  of  each  such  stage  may,  in  the  majority  of  practical 
cases,  be  expressed  'as  a  rather  simple  function  of  the  relationship  be- 
tween  the  motive  force  of  the  process  and  the  resistance  to  it  during 


this  stage: 


dx 

dO, 

dt 


(98) 

(98a) 


(98b) 


where  0^,  Og***,  0^^  are  the  degrees  of  conversion  of  the  siaterlal  in 
the  first,  second  and  later  stages,  respectively,  t  is  the  time, 

^1'  ^2*"*  ^n  areas  of  the  contact  surfaces  between  the  phases 

in  the  first,  second  and  later  stages,  respectively,  W^,  W2«.«,  are 
the  resistances  to  the  stages  and  AC2>>*»  AC^  are  the  motive 
forces  of  the  stages  expressed  in  terms  of  the  concentration  drop  of 
one  of  the  reagents  on  various  segments  of  its  path  toward  the  other 
reagent. 

The  process  as  a  whole  takes  place,  in  general  form,  under  ex¬ 
tremely  conqplex  conditions  capable  of  variation  over  the  widest 
imaginable  range. 

First  of  all,  one  of  the  phenomena  listed  above  serves  as  a 
mandatory  part  of  each  reaction  in  a  mixture  of  solids,,  while  the 
bthers  take  essential  roles  in  the  majority  of  such  reactions,  while 
still  others  may  or  may  not,  with  equal  probability,  take  place  at  all 
(see  pagel6l ).  Further,  the  initial  reagents  may  be  represented  in  the 
form  of  anisotropic  solids.  The  shape  and  size  of  the  initial- reagent 
grains  nay  be  widely  variable.  Tbs  praportions  between  them  in  the 
initial  mixture  any  wary  oscr  m  wSite  nnge.  Itoss  transfer  may  be  ac- 


I 

i  ) 


i 


eoiQpllshed  during  the  reaction  by  motion  of  particles  of  only  one  re> 
agent  or  particles  of  both  reagents. 

When  two  pure  reagents  react  with  one  another,  we  may  distinguish 
one,  or  two,  or  several  intermediate  layers  arising  in  the  reaction 
process,  depending  on  conditions.  If,  for  example,  the  rate  of  such  a 
reaction  Is  restricted  simultaneously  by  the  rates  of  sublimation  of 
reagent  A,  the  rate  of  its  diffusion  toward  reagent  B,  and  the  i>eae- 
tlon  between  them,  we  have  the  following  layers: 

ly  solid  reagent  A} 

2)  a  gaseous  phase  consisting  of  an  inert  gas  I  and  sublimated 
A,  the  medium  In  which  the  process  takes  place; 

3)  the  reaction  product  AB; 

4)  the  product  AB  -t-  unreacted  reagent  B; 

5)  reagent  B. 

During  such  a  process,  the  values  of  the  motive  forces  and  re» 
slstances  associated  with  the  stages  forming  this  process  also  vary 
over  a  wide  range  and  in  a  rather  complex  manner,  as  do  the  areas  of 
the  reaction  surface.  To  form  an  Impression  of  the  complexity  of  the 
relationships  that  arise  here.  It  is  sufficient  to  note  that  the 
diffusion  rate  varies  as  a  result  of  the  progressive  change  in  the 
cross-sectional  area  and  the  thickness  of  the  diffusion  layer  during 
the  reaction  process.  If  a  corresponding  change  in  the  rate  of  the 
reaction  proper  does  not  take  place  when  this  happens,  the  process 
obviously  becomes  nonsteady.  Otherwise,  obviously,  the  concentration 
of  reagent  A  will  change  at  the  product  AB/(AB  +  B)  Interface  and  In 
the  bulk  (AB  4  B) .  If  the  Initial  reagents  contain  significant  quan^ 
titles  of  impurities  or  counterdiffusion  of  both  reagents  through 
their  reaction  product  occurs,  the  picture  becomes  further  compli¬ 
cated. 

In  view  of  the  above,  description  of  the  kinetics  of  a  process 
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In  its  general  form  by  some  generalizing  equation  becomes  an  extremely 
coiqplex  problem  and  can  hardly  result  in  any  useful  solution  without 
sweeping  sisqplifieations  that  reduce  the  sense  of  the  generalization 
to  naught »  Hence  it  is  usually  expedient  at  the  very  outset  ^o  restrict 
the  p^^dblem  by  the  following  simple  conditions,  which  are  most 
quently  encountered  in  practical  accomplishment  of  reactions  in  ml3c- ; 
tures  of  solids:  •  ^  . 

1)  the  possible  anisotropy  of  the  components  of  the  reaction  miXr . 
ture  has  no  essential  effect  on  the  kinetics  of  the  process; 

2)  the  grain  shapes  of  both  reagents  are  close  to  regular;  the 
grains  of  each  reagent  may  be  regarded  as  having  practically  the  same 
size  as  a  result  of  classification; 

3)  the  rate  of  the  process  is  not  limited  by  the  rate  of  heat 
exchange  between  the  reacting  substances  and  the  medium  suz*roundlng 
them  and,  accordingly,  is  independent  of  the  rate  of  melting  or  crys¬ 
tallization;* 

4)  by  virtue  of  a  large  difference  between  the  mobilities  of  the 
reagent  particles,  it  may  be  assumed  that  mass  transfer  is  accomplished 
by  movement  of  the  particles  of  only  one  reagent; 

5)  in  the  course  of  a  relatively  short  time  from  the  start  of  the 
reaction,  there  is  a  layer  of  reaction  product  AB  that  is  sharply  de¬ 
marcated  from  the  other  layers  and  by  comparison  with  which  the  layer 
of  (AB  -f  B)  has  a  negligibly  small  thickness; 

6)  the  process  may  be  regarded  as  qua si stationary,  since  at  any 
moment  it  is  self- regulating  when  the  rate  of  all  of  the  stages  coow* 
posing  it  depends  on  the  rate  of  the  slowest  of  them). 

Solution  of  a  problem  limited  by  these  conoitions  nevertheless 
reiiaina  quite  complex  and  can  be  carried  out/^.only  approximately  with 
c/rtaln  further  slitpllflcatlons.  The  results  of  such  solution  naturally 
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depend  on  the  nature  of  these  simplifications  (or  assumptions)  or,  in 
other  words,  on  the  approach  to  the  problem. 

Let  us  investigate  one  of  these  methods  [3^6]. 

Ve  note  that  the  motive  force  of  the  reaction  itself  is  proportion- 
al  in  general  to  the  prdduct  of  certain  powers  of  the  concentrations  of 
the. reagents  A  and  B  at  the  surface  at  which  they  interact: 


If  the  process  takes  place  by  diffusion  of  reagent  A  through  a 
growing  layer  of  product  AB  toward  the  surface  of  reagent  B  (with  a 
thickness  of  the  AB  4  B  layer  nearly  zero),  the  concentration  of  the 
latter  at  the  reaction  surface  may  be  regarded  as  constant.  Ve  may 
accordingly  write 


fta 

Wt 


Ar(C4)-/». 


(99) 


where  K  is  a  constant  coefficient  that  incorporates  the  concentratlcm 
of  reagent  B  at  the  B-AB  interface. 

For  an  extremely  large  number  of  reactions,  m  1.  Given  suffi¬ 
cient  purity  of  B,  the  value  of  its  molar  concentration  at  the  B-AB 
interface  may  be  ^egaI^3ed  as  equal  to  1.  Then  the  motive  force  of  the 
reaction  proper  (a  reaction  of  the  first  order  with  P  »  const)  will  be 
expressed  by  the  value  of  the  concentration  C'  of  reagent  A  at  the 
B-AB  interface: 


It  follows  from  Equations  (98)- (98b)  that 

'  Wt  /I  • 

rft  r, ' 


(100) 

(100a) 


(loot) 

The  condition  of  the  quasistationary  process  may  be  written  In 


{ 


251 


the  form  of  the  expreeelon 


I’ 


iSt 

4% 


*q. 

4t 


4% 


40 
4%  ' 


(101) 


which  Indicates  that  In  the  course  of  each  given  Infinitesimal  time 
period  taken  at  various  stages  of  the  process^  the  same  quantity  of 
material  undergoes  transformation  (the  values  of  do/dt  are  naturally 
different  for  different  Q) , 

On  adding  Equations  (100* 100b),  we  obtain  an  expression  for  the 
motive  force  of  the  entire  process,  which  ccnslsts  of  n  stages: 


AC  -  —  V' 

4t  Ft" 


(102) 


Prom  this,  the  approximate  rate  of  this  process  will  be 
^0  _  tc _ 

2-^  A+'*»+.‘-+Ai+... (103) 

Obviously,  If  any  of  the  quantities  Ag  and  so  forth  Is  In- 

commensurately  smaller  than  other  quantities  of  this  series,  then 
these  Incommensurately  smaller  quantities  can  be  excluded  from 
Equation  (103)  without  Incurring  any  essential  error. 


§3.  PROCESSES  LIMITING  THE  RATE  OP  CHEMICAL  REACTION  (THE  FIELD  OP 
CHEMICAL  KINETICS) 

Under  conditions  In  which  physical  phenomena  (such  as  Internal 
diffusion,  sublimation,  etc.)  have  virtually  no  effect  on  the  rate  of 
the  conversion  process  of  the  solids,  this  rate  may  be  limited  by  the 
rate  of  any  of  the  following  chemical  phenomena. 

'  1)  a  first-order  reaction; 

2)  a  second-order  reaction; 

3)  a  reaction  at  constant  concentration  of  the  reagents,  as  well 
as  a  zeroth-order  reaction; 

4)  an  autocatalytlc  reactlmi; 

3)  several  successive  reactions. 
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For  a  honogeneoua  medium,  the  klnetlca  of  these  phenomena  are 
described,  aa  we  know,  by  the  following  respective  equations: 

(104) 


f*  * 


(for  an  autocatalytle  reaction  of  the  first  order), 

£L = (1  — 


(105) 

(96) 

(106) 

(107) 


(for  two  successive  first-order  reactions), 

where  a  and  b  are  the  Initial  quantities  of  the  reagents  per  unit 
volume,  ^  Is  the  quantity  of  reagents  (in  the  same  unit  volume)  that 
have  been  converted  by  the  point  In  time  t,  and  K,  and  Kg  are  con¬ 
stants  that  depend  on  the  properties  of  the  reagents  and  the  condi¬ 
tions  of  the  process. 

The  applicability  of  Equations  (96)  and  (104-107)  to  ejqpz^ss 
directly  the  kinetics  of  various  conversion  processes  in  mixtures  of 
solids  Is  severely  restricted  and  in  aiany  cases  impossible. 

Primarily,  this  Is  a  matter  of  the  fact  that  all  of  these  equa¬ 
tions,  which  were  derived  for  homogeneous  inactions,  can  be  valid  for 
reactions  taking  place  In  heterogeneous  syst«BS  only  when  the  contact- 
surface  area  between  the  reagents  Is  constant,  (hi  the  other  hand,  con¬ 
tinuous  changes  (reduction)  of  the  contact  area  between  the  reagents 
takes  place  in  reactions  that  occur  in  mixtures  of  crystalline  solids. 

For  this  reason,  it  would  be  more  correct  to  write  the  following 
for  a  process  In  a  solid  mixture  in  the  case,  for  example,  of  a 
"first-order"  reaction: 

Jib 


where  P  is  the  contact  surface  between  the  reagents. 

As  we  know,  the  grain  shape  of  real  powdered  substances  may  be 
variable.  In  practice,  however,  these  grains  may  be  regarded  In  the 
majority  of  cases  as  spherical  or  cubic  without  Incurring  any  essential 
error.  In  the  analysis  to  follow,  which  was  published  previously  In  ' 
Reference  vie  shall  regard  them  as  being  also  approximately 

equal  In  size. 

In  this  case,  given  an  initial  average  value  R  of  the  radius  or 
half-edge  of  the  grain  and  a  thickness  x  of  the  spherical  or,  respec¬ 
tively,  cubic  layer  on  these  grains  that  has  been  converted  Into  the 
product,  the  extent  0  of  their  conversion  may  be  expressed  as  follows 
in  fractions  of  unity: 


O 


A* 


(108) 


From  this,  the  value  of  the  radius  or  half-edge  of  the  unreacted 
part  of  the  grain  after  a  certain  time  has  elapsed  since  the  begliuilng 
of  the  reaction  will  be 


(109) 

In  accordance  with  this,  the  dependence  of  the  react Ion- surface 
area  of  a  spherical  or  cubic  grain  on  the  extent  of  conversion  will 
take  the  form 

(HO) 

where  0  Is  the  extent  to  which  the  material  whose  surface  limits  the 
rate  of  the  process  Is  converted  and 

A  =  (sphere)  or  A  ■  24r^  (cube) 

To  this  we  must  add  that  the  possibility  of  generalizing  descrip¬ 
tion  of  the  kinetics  of  autocatalytlc  reactions  In  solid  mixtures  by 
Equation  (97)  is  obviously  excluded,  because  it  can  apply  only  for  a 
definite.  Invariably  quite  improbable  combination  of  conditions  (rate 


of  reaction  does  not  depend  on  concentration  of  reagents  and  contact 
surface  between  them  and  Is  zero  at  the  beginning  of  the  process,  when 


y  -  0). 

A  more  general  expression  for  the  rate  of  such  reactions  would 
bbvloualy  be  the  equation 

^  =  /f(g  +  yHe-y)*.  (Ill) 

which,  with  B  >  0  and  m  «  n  «  1,  l.e.,  only  In  a  single  particular 
case,  can  be  transformed  Into  Equation  (106). 

However,  even  this  equation  la  In  a  position  to  describe  the 

kinetics  of  autocatalytle  reactions  In  solids  only  In  a  highly  general 

'  • 

and  approximate  fora  (see  §2  of  this  chapter). 

In  the  general  case,  the  rate  of  the  heterogeneous  Interaction 
between  the  two  substances,  which  Is  what  limits  the  reaction  proper, 
can  be  expressed  by  the  equation 

(118) 


Which,  for  a  second-order  reaction,  assumes  the  fora 


4x 


(113) 


where  and  Cg  are  the  respective  concentrations  of  the  first  and 
second  reagents  at  the  Interaction  surface,  F  Is  the  area  of  this 
surface  and  K  Is  a  constant  that  characterizes  the  properties  of  the 
reagents  and  the  conditions  of  the  process. 

Depending  on  the  mechanism  and  conditions  of  a  reaction  between 
two  substances,  the  concentration  of  each  of  them  at  the  surface  of. 
contact  and  the  area  of  contact  may  remain  practically  constant  or  . 
vary  essentially  during  the  course  of  the  reaction.  Accordingly,  the 
dependence  of  the  process  rate  on  degree  of  conversion  of  the  Initial 
substances  may  take  a  wide  variety  of  forms.  Thus,  if  the  concentra¬ 
tion  of  the  two  jreagents  does  not  change  during  the  course  of  the 

-  255  - 


reaction,  then  obviously  with  a  constant  contact  area  between  the  re» 
agents  (tablet  reaction),  the  rate  of  the  process  may  be  expressed  by 
Squat  Ion'.  (96),  while  If  the  contact  area  changes,  as  It  does  in  a  - 
powdered  mixture. 


jH 

n* 


*• 


(11^) 


In  the  case,  for  example,  of  a  direct,  reaction- rate- limiting 
reaction  between  two  solids  In  accordance  with  the  scheme 

■A,  +  0,  -» AB„ 


or  a  solid  and  a  liquid  according  to  the  scheme 

A,  +  B*  -♦  AB« 

or  a  solid  and  a  gas  formed  by  sublimation,  according  to  the  scheme 

A,  +  B,  -►  AB„  . 

the  concentration  of  the  two  reagents  at  the  surface  of  contact  between 
them  remains  constant  over  the  course  of  the  reaction. 

Here,  Equation  (114)  will  obviously  be  In  force  for  a  powdered 
mixture  of  reagents  consisting  of  spherical  or  cubic  grains. 

Let  us  consider  a  process  having  a  different  mechanism.  Suppose 
that  the  concentration  of  one  of  the  reagents  at  the  surface  of  con¬ 
tact  between  them  changes  continuously,  while  that  of  the  second  re¬ 
mains  constant  during  the  course  of  the  reaction.  It  Is  easily  seen 
that  such  conditions  might  occur  in  reality. 

Thus,  In  the  case  of  Interaction  In  a  mixture  of  reagents  with 
participation  of  a  liquid  phase.  In  accordance  with  the  scheme 

At  Aj,. 

Ati  +  Bt^  AB„ 

AB,  +  A* -►  (Afl  +  A)b  etc-— 

the  concentration  of  reagent  B  at  the  B>(AB  ■¥  A)  Interface  Is  constant, 
while  the  concentration  of  A,  which  depends  on  the  quantity  of  AB 
present  in  the  reaction  mixture,  is  a  function  of  degree  of  converaloo: 

-  236  - 


C|  ■■  const, 

Where  0  and  aO  are,  respectively,  the  degrees  of  conversion  of  sub* 
stances  B  and  A  and  a  ■  n/m  Is  the  ccMqpoaltlon  coefficient  of  the  mix* 
ture.  If  n  Is  the  stoichiometric  reaction  coefficient,  which  expresses 
the  number  of  moles  of  reagent  A  reacting  with  one  mble  of  reagent  B, 
and  m  Is  the  molar  ratio  between  the  quantities,  of  A  and  B  In  the 
Initial  mixture. 

Hereg  the  rate  of  the  reaction 

^ -0)^(1 -tO),  (115) 

where  aO  <  1. 

The  rather  complex  solution  of  Equation  (113)  leads  to  the  equa* 


tlon 


tn* 


I  +sT(l- 


1 


^-j  j  I  j - 


+  I.75arclg|l,17ATx 


X  (1 -0)T- H  -  In 

yAT_4T+, 

I 

-  1.75orc  tg  I,17(aT-  I)— 


(116) 


where 

1— «  M'-ll 

With  stoichiometric  composition  of  the  mixture  (l.e.,  when  n  «  m 
and  0*1),  Equation  (113)  assumes  the  form 

(117) 

If  the  products  of  such  a  reaction  accelerate  It  (autocatalytlc 
reaction),  its  rate  equation  assumes  the  form 

•^=:/C(B|-0»)(I-0)f  (118) 


It  Is  necessary  to  dwell  briefly  on  derivation  of  the  kinetic 
equation  of  successive  reactions  in  mixtures  of  solids. 
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Ve  may  imagine  a  aeries  of  combinations  of  successive  reactions 
of  the  same  or  different  orders.  However,  to  characterize  briefly  our 
reasoning  applied  to  these  reactions,  it  will  be  sufficient  to  limit 
ourselves  to- consideration  of  one  such  combination. 

Suppose  that  the  conversion  proceeds  in  accordance  with  the  last 
scheme  (page  256). 

Sf  “*■  ASt.-jr  -*■  tAB -I- etc. 
and  consists  of  the  t«ro  successive  reactions 

1.  I  -  II  and  2.  II  —  HI, 

whose  rates,  which  conform  to  Equation  (117)  are  ctmanensurate  with  one 
another.  Then,  in  accordance  with  Equatlcm  (117), 

and 

where  O'  and  0"  are  the  degrees  of  conversion  of  I  to  II  and  II  to  III, 
respectively  (in  fractions  of  unity),  and  and  1^  are  constants  char¬ 
acterizing  the  rates  of  the  fiirst  and  second  reactions,  respectively. 
Integrating  Equation  (117a),  we  obtain 

<?'-*-(i  +  4ri'trT  (119) 

In  analogy  to  Equation  (ll7a),  we  may  write 

(120) 

Substitution  of  Equations  (llSi  and  (120)  into  Expression  (117b)  gives 

In  this  case,  the  over-all  degree  of  conversion  of  initial  sub¬ 
stance  I  into  the  final  product  lU  Is 


(117a) 

(117b) 


(122) 


vher«  O'  and  0"  are  determined  from  Equations  (119)  and  (120). 

To  this  we  should  add  that  In  the  particular  case  of  successive 
reactions  in  which  their  rates  are  not  commensurate  with  one  another* 
ihe  over-all  rate  and  kinetic  laws  of  the  process*  which  is  limited 
< ay  chemical  effects*  are  determined  respectively  by  the  rate  and 
kinetics  of  the  slowest  reaction  and  can  be  expressed,  for  example*  by 
one  of  Equations  (114-118). 

Finally*  the  case  of  change  In  the  concentrations  of  both  reagents 
at  the  reaction  surface  with  a  simultaneous  change  in  the  latter's  area 
la  also  possible. 

If  in  this  case  the  degrees  of  conversion  of  each  of  the  two  re¬ 
agents  into  the  product*  expressed  In  fractions  of  unity*  amount  re- 
.spectlvely  to  0  and  0^  and  the  surface  area  of  the  first  of  them* 
which  is  converted  by  the  fraction  0  of  unity  (as  might  occur  when  the 
change  In  the  area  of  the  first  reagent  In  the  course  of  the  process 
is  considerable*  while  that  of  the  second  is  quite  negligible),  is  the 
factor  limiting  the  rate  of  the  process*  then  the  rate  of  the  reaction 
in  a  mixture  consisting  of  spherical  or  cubic  grains  may  be  expressed 
by  the  equation 


Ihe  value  of  the  coefficient  K  In  Equations  (114-118)  and  (123) 
depends  on  the  Initial  concentration  of  the  reacting  substances.  Since 
the  factor  limiting  the  rate  of  the  process  Is  the  area  of  the  reagent 
converted  by  a  fraction  0  of  unity*  it  is  obvious  that  0  >  0^  given 
identical  grain  sizes  and  densities  In  the  reagents. 

When  the  proportions  of  the  reagents  In  the  system  and  In  the 
stoichiometric  equation  of  the  reaction  are  such  that  -»  0  at  a 
sufficiently  large  value  of  0*  Equation  (123)  is  naturally  converted 
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into  Bquatlon  (117). 


A  highly  essential  point  is  that  when  0  «  1  or,  in  other  words, 
when  0  6  (and,  accordingly,  0^ each  of  Equations  (114,  115, 

117,  ll8)  and  (100)  assumes  the  form  of  Equation  (98),  i.e.,  that  the 
rate  of  all  reactions  is  practically  constant  under  these  conditions. 

The  function  (1—0)  In  Equations  (Il4)>(ll8)  and  (123)  charac* 
terlzes  the  concentration  of  the  reacting  substance  In  .'bulk,  while 
the  rate  of  the  heterogeneous  reaction  between  the  two  substances  in 
the  field  of  chemical  kinetics  Is,  strictly  speaking,  a  funoti-.m  of 
the  concentration  or  one  of  them  at  the  surface  of  the  particles  of 
the  other:  - 


For  the  cases  considered,  however. 
In  which  the  rate  of  diffusion  is  in* 
commensurately  higher  than  the  rate  of 
the  reaction  proper,  and, 

consequently,  the  reaction  rate  may  be 
regarded  as  a  function  of  the  reagent 
concentration  in  bulk. 


The  above  enables  us  to  Judge  the 


Fig.  57.  Kinetics  of  reac¬ 
tion  of  soda  with  silicon 
dioxide  In  the  presence  of 
NaCl  with  ISlOgJ:  [NagCO^l  - 

»  1,  t  >  740®  and  a  reagent 

?raln  size  r  «  0.036  mm 
reaction  limits) .  1)  Time 
in  minutes. 


dependence  of  the  rate  of  the  limited 
reactions  of  so-called  solid-phase 
processes  on  the  Initial  grain  size 
of  the  original  mixture. 

Thus,  for  a  reaction  accoiig>anled 


by  a  change  In  the  concentration  of  one  of  the  reagents  at. the  surface 
P  on  which  they  react  and  being  of  the  first  order  for  a  constant 
valu4!  of  the  area  F,  we  have 

t 

» 
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TABLE  24 

Kinetics  of  Reaction  of  Soda  With  Silicon 
Dioxide  in  the  Presence  of  NaCl*  (With 
[SlOglrtNagCO^]  =>  1,  Reagent  Drain  Size 

r  -  0.036  BIB  and  t  •  740®) 
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.  *  ■  '  / 

W'W 

M»>ir 

41  ' 
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2.01 
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44 
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0.40 
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0.02 

44 
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0,533 

0.42 
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W7,s 

0,545 

6,90 

44 
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0,56 
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4.2 

IM 

0,574 

0.40 

4.2 

192.0 

0.567 

0.40 

4.2 

3(0.0 

0.6 

0.40 

4.2 

314 

0.615 

0.48 

4.2 

325 

0.629 

9.00 

4.2 

337 

0,642 

9.45 

•  44 

2S0 

0,655 

10,30 

4.2  . 

0,67 

11,00 

4.2 

375 

0,683 

11,44 

4.2 

391 

0,606 

12,10 

4.2 

307 

0.71 

12.02 

4.2 

325 

0,742 

10.0 

4.2 

0.737 

14.4 

4.2 

370 

0,751 

15.31 

4.2 

*  Reaction  Units. 
1)  minytes. 


«  /f'  (1  -0)M'  (1-0)^,  ( 124) 

where  A*  «  4?rR  for  a  single  spherical  grain. 

The  amount  of  the  material  in  an  ensemble  of  grains  of  initial 
radius  R  that  has  been  converted  is  proportional  to  the  product  of  the 
extent  of  conversion  of  one  grain  by  the  number  of  grains  N  in  a  unit 
weight  of  such  a  mass: 

(125) 

where 
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a  ( 126) 

if  y  l8  the  apparent  specific  gravity  of  the  grain.  ' 

In  view  of  this,  the  final  rate  of  a  reaction  of  thin  kind  will 

(127) 

Integration  of  Equation  (127)  with  the  Initial  condition  0*0 
and  -f  •  0  results  in  the  equation 


//(O)-.  (I  _  ofT^  I »  AT^-’t.  ( 128) 

which  enables  us  to  characterize  the  rate  of  the  process  as  a  function 
of  the  particle  radius  In  the  initial  mixture.  It  .is  readily  seen  that 
Equations  (127)  and  (128)  are  also  valid  for  cubic  grains  if  R  char- 
acterlzea  their  average  size. 

Substituting  KR”^  =  K'  in  Equation  (128),  we  may  write 

//(O)  ==  (1  ~ 0)‘ f-  ( 128a) 

The  validity  of  Equation  (128b)  under  conditions  in  which  the 
process  rate  is  limited  by  the  rate  of  the  reaction  itself  has  been 
confirmed  experimentally  by  Qinstling  and  Fradklna  [231]  on  the  example 
furnished  by  the  reaction  of  soda  with  silicon  dioxide  at  a  tempera* 
ture  of  7^0®  (Table  24,  Pig.  57).  The  diffusion  resistance  of  the 
process  was  limited  here  by  its  taking  place  in  a  finely  dispersed 
mixture  of  the  reagents  in  the  presence  of  sodium  chloride  as  a  flux. 

It  is  Important  to  note  that  calculation  of  the  rate  of  a  given 
process  subject  to  any  of  the  equations  given  above  may  give  varying 
results,  depending  on  the  relationship  between  the  grain  sizes  of  the 
reagents. 

Further,  the  form  of  the  kinetic  relationships  changes  consider* 
ably  if  the  reaction  takes  place  not  in  a  powdered  mixture  consisting 
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of  particles  that  approach  the  spherical  or  cubic  more  or  less  closely 
but  between  reagents  taking  the  form  of  tablets  and  in  contact  with 
one  another  at  flat  surfaces.  In  this  case,  the  rate  of  the  "solid- 
phase"  processes,  which  are  limited  by  chemical  interaction,  must  . 
obviously  be  subject  to  Equations  (96),  (104),  (103),  (107)  and  (111), 
although,  as  follows  from  the  equations  given  above,  dy/dt  K  hez*e 
too  as  y  0. 

Thus,  the  microkinetics  (the  'hemical  kinetics  proper)  of  differ¬ 
ent  "solid-phase"  reactions  may  assume  different  natures  depending  on 
the  conditions  under  which  they  are  run  and  differing  from  the  nature 
of  the  homogeneous  reactions,  which,  in  accordance  with  the  stoichio¬ 
metric  equations,  are  characterized  by  the  same  respective  numbers  of 
reacting  molecules. 

§4.  PROCESSES  LIMITED  BY  THE  RATE  OP  FORMATION  OP  SEEDS 

These  processes  are  autocatalytlc  (page  183).  Investigators  have 
proposed  various  equations  at  various  times  for  description  of  their 
kinetics. 

L'yuis  and  later  Tsentnershver  and  Bryuss  and  Kakdonal'd  and 
Khlnshel'vud  tried  unsuccessfully  to  extend  the  kinetic  equations  of 
homogeneous  and,  in  particular,  homogeneous  autocatalytlc  reactions 
to  these  processes. 

Assuming  that  1)  the  rate  of  a  solid-phase  reaction  that  passes 
through  the  emergence  and  growth  of  nuclei  of  a  crystalline  product 
is  proportional  to  the  interphase  surface  on  which  the  process  is 
localized  and  that  2)  the  area  of  this  surface  is  proportional  to  the 
product  of  the  surface  areas  of  the  Initial  substance  and  the  product 
and,  further,  that  S  ■  (where  S  is  the  surface  area  and  V  is  the 

phase  volume),  Roglnskiy  and  Shul^ta  I269]  obtained  the  following  ex¬ 
pression  to  describe  the  kinetics  of  this  reaction: 


(129) 


-  Q)!, 

where  0  is  the  fraction  of  the  material  that  has  reacted. 

The  validity  of  Equation  (129)  was  confirmed  for  the  processes 
of  decomposition  of  KMnO|^  (269),  CaC02‘6H20  1 3^9),  zinc  oxalate  (350) 
and  certain  other  substances.  The  fact  of  localisation  of  processes  of 
this  type  at  an  Interface  was  thus  confirmed. 

It  was  subsequently  shown  by  Yerofeyev  [351)  that  Equation  (129) 
Is  not  universal  and  valid  for  all  reactions  passing  through  stages  of 
formation  and  growth  of  solld>product  nuclei. 

To  describe  the  kinetics-  of  such  reactions,  Yerofeyev  [270,  351* 
352]  proposed  the  equation 

O-l-e-'**.  (130) 

which  can  also  be  expressed  approximately  In  the  form 

‘^-KO-o-of.  (13JJ 

These  equations  were  derived  on  the  assumption  that  the  process 
In  which  the  Initial  centers  of  the  reaction  arise  may  be  multlstaged, 
l.e.,  that  the  process  of  this  emergence  may  depend  on  time  (to  the 
extent  that  the  concentration  of  the  reacting  substance  does  not  re> 
main  constant  during  the  reaction  process). 

In  expanded  form.  Equation  (130)  reads  as  follows: 


0-1 


(130.) 


where  Vq  Is  the  number  of  potential  points  at  which  Initial  reaction 
centers  may  arise,  o  is  the  number  of  intermediate  stages  In  the 
process  of  Initial-center  formation,  U  Is  the  linear  rate  of  reaction- 
nucleus  growth  and  Kg****  K  are  constants  characterizing  the 
kinetic  orders  of  the  Intermediate  stages  In  the  formation  of  the 
Initial  reaction  centers. 

This  equation  was  proposed  as  a  description  of  the  kinetics  of 
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formation  and  growth  of  spheric.il  nuclei.  In  cases  where  the  Initial 
centers  have  linear  and  flat  shapes.  Equation  (130a)  accordingly 
assumea  the  form 

''  0*1 1— ,  (130^) 

and 

0-1 (130c) 

Thus,  according  to  Yerofeyev,  the  value  of  n  In  Equation  (130)  de¬ 
pends  on  the  presence  of  inlti  l  reaction  centers  In  the  body  at  t  •  0, 
on  the  form  of  the  nuclei,  the  number  of  Intermediate  stages  In  the 
process  of  Initial- center  formation,  and  on  certain  other  factors; 
here,  the  value  of  n  may  vary  from  unity  to  any  integer. 


Ti  5?  ij  0 

Pig.  58.  Rate  of  conversion  of 
NH^^NO^  III  IV  as  a  function  of 

the  quantity  0°’^  (1  -  at  ^ 

temperature  of  l)  3^.02°;  2)  3^.55  ; 

3)  35.75®. 

Equation  (130)  has  been  confirmed  experimentally  on  the  example 
furnished  by  thennal  decomposition  of  a  number  of  oxides  and  carbon¬ 
ates  [265,  353-356],  the  polymorphic  transfdrmatlon  of  ammonium 
nitrate  (Figs.  38  and  59)  [352]  and  on  certain  other  reactions. 

However,  In  addition  to  the  assumption  explained  above,  the 
derivation  of  this  equation  also  assumes  that  from  the  time  at  which 
the  reaction  nuclei  merge  with  one  another  the  rate  of  the  reaction 
diminishes  In  proportion  to  the  percentage  of  material  that  has  not 

j 
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reacted.  Actually,  as  was  correct¬ 
ly  noted  by  Bel'kevlch  [268,  337], 
this  assumption  la  not  always  Jus¬ 
tified.  ^e  decline  in  reaction 
rate  after  its  nuclei  have  inter¬ 
cepted  one  another  may  take  place 
more  rapidly  than  the  decrease  in  . 
the  proportion  of  material  unre¬ 
acted.  This  would  be  expected  pajv 
tlcularly  in  those  cases  where 
the  appearance  of  the  initial 
centers  takes  place  not  over  the 
entire  volume  of  the  crystal,  but  chiefly  on  certain  elements  of  its 
surface.  If  the  reaction  nuclei  form,  for  example,  preferentially  at 
the  polyhedral  vertices  of  crystals  or  on  specific  points  of  their 
surfaces,  the  probability  that  the  nuclei  will  intercept  one  another 
increases  more  and  more  rapidly  as  the  nuclei  penetrate  into  the  in¬ 
terior  of  the  particle  (grain),  because  Interception  may  take  place 
not  only  with  nearby  nuclei,  but  also  with  nuclei  that  have  formed 
or.  more  remote  surfaces  of  the  crystal. 

Essential  mathematical  difficulties  arose  in  theoretical  analysis 
;)r  the  kinetics  of  reactions  of  this  type,  so  that  only  isolated  par¬ 
ticular  cases  pertaining  to  this  analysis  —  usually  the  beginning  or 
.nd  of  the  process  —  were  treated  in  the  studies  by  Bredll,  Kolvln 
and  Yum  13581»  Roginskiy  [269,  359),  Izmaylov  [360]  and  Yerofeyev  [270, 

351,  352/361). 

The  most  general  and  rigorous  solution  of  the  problem  was  given 
in  the  reports  by  Todes  and  Bogutskiy  [362)  and  Todes  [363,  36k). 
Applying  special  probability  methods,  these  Investigators  considered 
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Pig.  59*  Rate  of  conversion  of 
III  -►  IV  as  a  function 

of  the  quantity  0®*^  (1 
at  temperature  of  1)  30.5  »  2) 

31.1®. 


(taking  into  account  the  Intcr^^tctions  ol'  the  reaction  zones  as  they 
move  forward)  the  propagation,  by  a  topochemlcal  reaction  of  the  type 
described,  of  particles  of  llrnited  size  and  regular  (spherical)  and 
arbitrary  shape  Into  the  Interior  of  a  particle  of  Infinitely  large 
dimensions  (the  curvature  of  which  may  be  disregarded).. 

The  differential  expressions  obtained  as  a  result  for  reaction 
rate  are  not  integrated  In  their  final  form.  Nevertheless,  these 
studies  resulted  in  Important  oncluslons  as  to  the  kinetics  of  the 
reactions  considered. 

The  authors  showed,  among  other  things,  that  in  the  general  case 
the  rate  of  such  reactions  passes  through  a  maximum  during  their  pro¬ 
gress.  The  position  and  magnitude  of  the  maximum  were  found  for  the 
"plane"  case.  The  rapidity  with  which  this  maximum  was  attained  and 
the  rapidity  of  the  subsequent  drop  In  reaction  rate  was  established 
for  spherical  particles  as  a  function  of  the  parameter  <jd,  which  ex¬ 
presses  the  ratio  of  the  average  time  necessary  for  a  reaction  zone 
proceeding  frcxn  one  Initial  center  to  reach  the  nearest  initial  cen¬ 
ter  to  the  time  taken  by  the  reaction  in  advancing  from  the  surface 
to  the  geometrical  center  of  the  particle  (Fig.  60) .  It  was  shown 
that  with  u>  <  0.001,  the  rate  of  conversion  attained  its  maximum  al¬ 
most  Instantaneously  after  onset  of  the  reaction,  at  a  negligibly 
small  degree  of  conversion  of  the  Initial  material.  In  this  case,  the 
zones  of  conversion  from  the  various  initial  reaction  centers  fuse  at 
the  very  beginning  and  form  a  unified,  practically  spherical  front  that 
presues  on  uniformly  Into  the  interior  of  the  particle.  With  o  «  1,  no 
slnf.Ie  front  forms  at  all,  since  the  conversion  zones  from  the  Indi¬ 
vidual  Initial  centers  may  "overgrow"  the  entire  particle  before  forma¬ 
tion  of  the  next  center  on  the  remaining  free  surface. 

Figure  6l  shows  the  position  of  the  rate  maximum  (with  respect  to 


Fig.  60.  Kinetics  of  reaction  paro> 
ceedlng  via  formation  of  initial 
centers.  Propagation  of  reaction  In 
spherical  particle.  A)  Rate  of  coiv> 
version;  B)  percent  converBl6n. 
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degree  of  conversion)  as  a  f^mctlon  of  a>. 

Todes  [364]  showed  that  the  nature  of 
the  kinetic  curves  depends  only  slightly  on 
the  grain  shape  of  the  Initial  material,  but 
Is  determined  essentially  by  Its  grain  sizes. 
In  the  case  of  continuous  fonsatlon  of  con¬ 
version  centers  at  the  particle  surface,  an 
optimum  of  conversion  rate  with  respect  to 
particle  refinement  should  exist.  Othezmlse, 
when  the  Initial  centers  arise  at  the  partl- 

Flg.  6l.  Position  of 

reaction- rate  maximum  cle  surface  before  the  process  begins,  we 
for  reaction  proceed¬ 
ing  through  fomatlon  should  observe  Incomplete  conversion  to  a 
of  Initial  centers 

for  various  degrees  greater  extent  as  the  particle  size  became 

of  conversion  as  a 

function  Of  (0.  A)  Per-  .  smaller. 

cent  conversion;  B)  : 

position  of  rate  max-  It  is  interesting  to  note  that  almost 

laum.  . 

alMitamaaialy  mtlli  Ibdes  and  Bogutskiy, 

Mampel*  [363]  arrived  by  a  soraBdhKt  dTTnenent  route  at  results  similar 
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to  those  obtained  In  Referer.coa  (362,  363].* 

Accot^llng  to  Bel'kevich,  it  may  be  assumed  In  connection  with 
the  remark  made  earlier  (page  263  }  that  the  rate  of  a  reaction  of  the 
type  under  consideration  drops  off  as  a  result  of  intersection  of 
nuclei  in  direct  proportion  to  the  quantity  (1  -  0)**  where  s  >  1. 

Thus,  Bel'kevich  [268,  337]  obtained  the  equation 

(132) 

where  |i  *  S  —  1. 

Experimental  investigation  of  the  thermal  decomposition  of  cadmium 
and  magnesium  carbonates  and  the  oxalates  of  silver,  lead  and  nickel, 
as  well  as  certain  other  substances,  showed  the  inadequacy  of  Equation 
(130)  and  the  validity  of  Equation  (132)  for  these  processes  (Figs. 

62  and  63).  Here,  the  value  of  the  quantity  S,  the  physical  signifi¬ 
cance  of  which  has  not  as  yet  been  figured  out,  varied  from  2  to  3  as 
a  function  of  the  specific  reaction  involved. 

The  rate  of  a  reaction  subject  to  Equation  (132)  is  expressed  as 
follows: 

=»  ^(1  O)-**  -  ll*' 

(133) 

It  follows  from  Equation  (133)  that  this  rate  is  zero  for  both 
0  «  0  and  0  =  1,  i.e.,  it  passes  through  a  maxlmiam.  This  maximum,  the 
presence  of  which  has  been  confirmed  experimentally  (Plg.  64  (366J), 
occurs  theoretically  at 

•  l(*+J‘)Xj  (134) 

The  maximum  rate  here  is 


1 
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(135) 


'  On  the  other  hand,  the  rate  value  Is  proportional  to  the  interface 
area  between  the  initial  and  final  solid  phases: 


JO 

St 


ifF 


or 


F^f 


so 


(136) 


where  is  the  rate  referred  to  a  unit  interface  area  and  F  is  the 
size  of  this  entire  area. 


Fig.  62.  Kinetics  of  thermal  decompo* 
sition  of  magnesium  carbonate  at 
various  temperatures  (diagram  arbi¬ 
trarily  condensed) .  a)  log  t> 


If  we  now  compare  E(^uations  (133)  and  (136),  we  may  conclude 
[366]  that  in  reactions  proceeding  via  formation  and  growth  of  nuclei 
of  a  solid  product,  the  size  of  the  interface  area  must  also  pass 
through  a  maximum  (Fig.  63). 

^  It  has  not  as  yet  been  possible  to  confirm  this  statement  ex¬ 
perimentally  by  any  type  of  direct  measurement. 

\ 
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Pig.  63*  Kinetics  oi‘  thermal  deconQ>08ltlon 
of  lead  oxalate  at  various  temperatures 
(diagram  arbitrarily  condensed).  A)  log  t. 


Pig.  64.  Kinetics  of  thermal  decom¬ 
position  of  a)  MgCOj'SHgO;  b)  MgCO^* 

'4H20.  Curves  computed  from  Equation 

(132)  and  experimental  points.  A) 
Average  %  decomposed. 


Fig.  63.  Change  In  Interface 
area  during  thermal  decompo¬ 
sition  of  a  crystalline 
solid. 


! 
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S5.  PROCESSES  LIMITED  BY  THE  RATE  OF  DIFFUSION  (DIFFUSION  REGION) 

The  rate  of  the  majority  of  reactions  between  solids  is  limited  by 
diffusion  of  the  reagent  tturough  a  layer  of  product. 

In  the  general  type  of  these  reactions,  a  substance  A  reacts  with 
a  substance  B  to  form  a  product  AB  (Fig.  66)  the  thickness  of  whose 
layer  Increases  continuously  during  the  course  of  the  process.  Here, 
substance  A  (or  a  product  of  its  decomposition)  diffuses  toward  the 
surface  of  substance  B  through  a  layer  of  product  AB  at  a  rate  that  is 
immeasurably  lower  than  the  rate  of  the  chemical  reaction  between 
substances  A  and  B,  so  that  diffusion  determines  the  kinetics  of  the 
process  completely. 


€ 


Since  the  external  resistance  to  diffusion 
is  considerably  smaller  than  the  diffusion  re> 
sistance  of  the  product  AB,  the  concentration 
of  substance  A  in  the  surface  separating  it 
from  AB  is  practically  constant.  At  the  sur> 
face  separating  AB  and  B,  the  concentration  of 
substance  A  is  constant  at  zero  due  to  the 
very  high  (as  compared  with  the  diffusion 
rate)  rate  of  the  chemical  reaction  of  A  with  B. 

As  was  indicated  earlier,  Yander,  investigating  the  kinetics  of 
the  type  of  reaction  described,  proceeded  from  the  Flk  differential 
equation  for  the  rate  of  diffusion  through  a  flat  diffusion  layer. 

Having  thus  derived  Equations  (91)  and  (93) >  Yander  extended  them  to 
reactions  in  powdered  mixtures  consisting  of  spherical,  cubic  and 
similar  "bulky"  particles. 

It  is  obvious,  however,  that  these  equations  can  be  applied  to  (j^ 
spherical,  cubic  and  similar  particles  only  at  small  values  of  x/R,  j 

where  x  is  the  thickness  of  the  diffusion  layer  of  the  product  AB  and  j 


Fig.  66.  Diagram  of 
process  limited  by 
rate  of  internal 
diffusion. 
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R  is  the  Initial  grain  radius  of  the  "coated"  reagent,  i.e.,  only  in 
eases  where  the  degree  of  conversion  or  substance  B  into  the  product 
is  small.  The  overwhelming  majority  of  Yander's  e;cpcrl)Bcntal  data  per¬ 
tain  to  precisely  this  ease.  : . 

With  high  degrees  of  conversion  of  substance  B  and,  accordingly, 
large  x/R,  Equations  (91)  and  (93) »  which  were  derived  for  the  "plane" 
case,  are  inapplicable  to  the  case,  for  example,  of  a  sphere. 

As  a  result  of  this,  and  locause  the  relationships  derived  by 
Yander  have  been  widely  used  in  applications  to  the  widest  range  of 
degrees  of  conversion,  it  was  expedient  to  derive  corresponding  re¬ 
lationships  for  spherical  grains.  This  problem  was  solved  by  Qinstling 
and  Braunstein  [36?]. 

To  examine  this  problem,  let  us  introduce  the  additional  sysibols: 

C  o  the  concentration  of  substance  A  in  the  layer  of  product  AB; 

C2  —  the  concentration  of  A  at  the  A-AB  interface; 

D  —  the  diffusion  coefficient  of  A  in  AB; 

r  —  the  distance  from  the  A-AB  interface  to  a  certain  arbitrary 
spherical  surface  in  the  direction  of  diffusion; 

e  «  pn*/\i  —  a  proportionality  coefficient  (here  p  is  the  specific 
gravity  and  m>  the  molecular  weight  of  AB;  n  is  the  stoichiometric  co¬ 
efficient  of  the  reaction,  which  expresses  the  number  of  moles  of  sub¬ 
stance  A  that  react  with  one  mole  of  B) . 

By  virtue  of  spherical  symmetry,  the  concentration  C  of  substance 
A  in  the  product  layer  AB  is  a  function  only  of  the  distance  r  from 
the  center  of  the  sphere.  C(r)  may  be  found  by  solution  of  the  Fik 
equation,  which  takes  the  form  of  Biqpresslon  (32)  for  the  case  of 
spherical  symmetry  and  in  spherical  coordinates. 

In  the  case  under  coosldermtlon,  the  boundary  and  initial  condl- 
tions  may  be  formulated  in  the  Ttn 
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C(r)  -C, 
r  /f 

(137) 

1 

»  >0, 

(138) 

(139) 

•  Jfj— 0 
^1-0. 

(140) 

We  shall  regard  the  process  as  stationary  if  at  a  given  x  a  given 
constant  quantity  of  substance  A  diffuses  per  unit  time  through  any 
cross  section  of  the  layer  of  product  AB.  Obviously,  when  this  condi¬ 
tion  Is  not  observed,  the  process  will  be  nonstationary. 

Accordingly,  we  shall  distinguish  between  the  "stationary"  and 
"nonstatlonary"  problems. 

It  has  been  shown  [367]  that  in  the  case  of  diffusion  through  a 
plane  layer,  the  solution  of  the  "nonstatlonary"  problem 


for  boundary  and  initial  conditions  similar  to  conditions  (137)o(l40) 
results  in  the  same  Equation  (91)  as  does  solution  of  the  equation 
analogous  to  (138)  for  the  "stationary"  problem,  in  which  the  conceit 
tratlon  of  substance  A  at  the  Interface  between  A  and  AB  has  a  certain 
value  Instead  of  . 

Let  us  assume  that  in  the  case  of  diffusion  through  a  spherical 
layer,  we  have  a  similar  result,  l.e.,  that  solution  for  the  nonsta¬ 
tlonary  "spherical"  case  may  reduce  to  solution  of  the  equivalent 
"stationary"  problem. 

Let  us  denote  the  concentration  of  substance  A  at  the  surface  of 
the  sphere  in  the  equivalent  problem  by  C£  and  the  quantity  of  sub- 
star^e  A  that  diffuses  per  unit  time  through  any  cross  section  of  the  'O 
product  layer  AB  by  M(x)  (remembering  that  M(x)  is  different  for  dif¬ 
ferent  *)• 
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For  a  given  constant  x  and  variable  r  we  have 


fron  whleh 


wt 


(1^1) 


Let  us  now  determine  M(x).  Integrating  Equation  (l4l)  between  the 

» 

limits  r  -  R  -  X  and  r  •  R,  we  shall  have 


Cl-- 


from  which 


*r.D  r  ]*-,  4*X>  * 

...  . 

A!(x)ai— * - 


(142) 

Substituting  Expression  (142)  in  Equation  (l4l),  we  shall  have 

ac  _  clR(a~jr) 

.  IT*  XI*  *  (143) 

and,  substituting  Equation  (143)  into  Equation  (139)»  we  obtain  an 
equation  that  expresses  the  rate  of  thickening  of  the  product  layer 
AB  in  a  spherical  particle: 


where 


4% 


/f,-— c;. 


(144) 


Integrating  Expression  (144)  with  application  or  the  Initial  con> 
dition  (l40)  results  in  the  equation 


(145) 


where 


Obviously,  when  x  «  R,  Equation  (143)  turns  into  (91) f  so  that 
To  determine  K,  we  Introduce  the  notation 
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As  was  shown  In  the  above-mentioned  Reference  [367]t  we  nay,  by 
transforming  the  familiar  equations  of  Vulls  [77]>  obtain  the  follow¬ 
ing  expression  for  calculation  of  Z; 


Ct  eW 


(146) 


where  ♦  la  the  error- integral  symbol. 

With  e/C^  >  7.3,  we  may,  with  a  certain  degree  of  accuracy,  use 
the  expression 

Zac 

■  /  * 

(147) 


and,  if  e/Cj^  <  0.17,  the  approximate  equation 

Z at  j/ In -^-0,57. 

For  7.5  >  e/Cj^  >  0.17,  the  values  of  Z  are  determined  froai  the 
curve  of  Pig.  67,  which  corresponds  to  Equation  (146), 

Knowing  the  values  of  e  and  for  a  given  process,  we  may  employ 
the  above  expressions  and  diagram  to  compute  values  of  the  constant  K 
from  the  known  value  of  the  dlffuslcwi  coefficient  D  or,  conversely, 
the  value  of  D  from  an  experimental  value  of  K. 

It  Is  Interesting  to  determine  the  change  In  rate  dx/dr  of  thick¬ 
ening  of  the  product  layer  AB  as  a  function  of  the  ratio  x/R. 

Designating  x/R  1=  1,  we  have  from  Equation  (144) 

_  K, 

/(I -o'  (149) 

As  was  shown  earlier  [367),  dx/dx  has  a  minimum  at  1  «  0.5,  l.e., 
at  X  «  R/2.  Yesln  and  Gel'd  [368]  drew  attention  to  this  fact. 

The  data  presented  below  characterize  the  rate  of  thickening  of 
the  product  layer  as  a  function  of  the  ratio  x/R. 
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The  quantity  (l/K)(dx/dr)  Is  also  shown  In  Pig.  68  as  a  function 

of  1. 


It  will  be  seen  from  the  diagram  that  the  rate  dx/dx  of  thicken^ 
Ing  of  the  layer  of  product  AB  diminishes  continuously  as  the  quantity 
x/R  varies  from  0  to  0.3  and  then  rises  symmetrically  from  the  mlnlnun 
to  Infinity  as  x/R  varies  from  0.3  to  1. 

In  estimating  the  rate  of  the  process.  It  Is  only  necessary  to 
remember  that  at  the  limiting  values  of  l.e.,  when  x/R  0  and 
x/R  -»  1,  the  rate  of  thickening  of  the  product  AB  layer  Is  not  Infinite, 
since  In  these  cases  the  value  of  dx/dj  Is  determined  by  the  rate  of 
the  chemical  reaction  and  not  by  diffusion. 

The  equations  derived  express  the  thickness  of  the  product  layer 
aa  a  function  of  tine. 

In  practice,  it  Is  of  considerably  greater  Interest  to  derive 
equations  for  calculation  of  the  degree  of  conversion  of  the  material. 

For  this  purpose,  let  us  express  the  thickness  of  the  product 
layer  In  terms  of  the  degree  of  conversion  0  of  the  "coated"  reagent. 
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Pig.  68.  Rate  of  thickening 
of  product  layer  as  a  func¬ 
tion  of  the  ratio  x/R. 


we  should  have 


We  have  from  Equation  (103) 

(150) 

Substituting  Expression  (I50)  in¬ 
to  (145),  we  obtain  an  equation  ex¬ 
pressing  the  extent  of  conversion  as 
a  function  of  process  time  and  particle 
radius: 

(151) 

If,  after  Yander,  we  substituted 
Equation  (I50)  into  Expression  (93), 


/.(0)-l =  (152) 

Substituting  Formula  (150)  into  Expression  (144),  we  obtain  an 
equation  for  the  conversion  rate: 

I  ■ 

«<C  _  <1-0)^ 

4T  —  1  *. 

(153) 

to  which  we  may  Impart  the  fozmi 


(153«) 

According  to  Yander,  the  rate  of  conversion  would  be  determined 
by  the  formula 

JSL  3if»  (1— <aT 

Wf  "•  2R»  » 

-  ■  ■  (154) 

or  . 


9 
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(154a) 


Pig*  69.  Ratio  of  process  rates 
computed  from  Equations  (153)  *^<1 
(154)  as  a  function  of  0.  A)  Ta 
[Yander]. 


TABLE  25 

Relationship  Between  Process  Rates  CoDy>uted 
By  Equations  (153)  and  (13^)  With  Equal  ValUes 
of  0 


1)  Ta  [Tender]. 

.  Obviously,  the  ratio  between  the  conversion  rates  as  computed  by 
Equations  (153)  and  (15^)  Is  expressed  by  a  quantity 

It  will  be  seen  from  the  data  of  Table  25  and  Fig.  69,  which 


represent  the  dependence  of  the  ratio  between  these  rates  aa  a  func* 

r 

tion  of  the  quantity  0,  that  at  degrees  of  conversion  of  27»  30  antd 
95^  and  higher,  the  conversion  rates  computed  from  Equations  (153)  and 
(154)  differ  from  one  another  by  factors  of  1.1,  1.2,  2.73  ®hd  more, 
respectively.  . 

'  It  Is  no  less  Important  to  establish  the  difference  In  the  the¬ 

oretical  process  dtiratlon  necessary  to  reach  a  given  value  of  0  as 
computed  by  Equations  (151)  and  (152).  The  data  of  Table  26  and  Pig. 

I  70  characterize  the  scales  of  this  difference. 

f 

Let  us  note  that  the  ratio  between  the  values  of  the  necessary 

1  conversion  time  as  computed  after  Yander  and  by  Equation  (151)  is  most 

o 

easily  obtained  by  dividing  Yander ’s  expression  x  =  Kt  by  Equation 
(145)  and  substituting  x  In  the  quotient  by  its  value  from  Expression 

(150) . 

We  obtain  as  the  result 

I  As  wl^  be  seen  from  the  data  of  Table  26  and  Pig.  70,  e.g.,  for 

:  the  90ji  conversion,  the  calculation  following  Yander  leads  to  a  value 

of  the  necessary  process  time  that  Is  565^  larger  than  that  according 
:  to  Equation  (151).  The  time  necessary  for  lOOjj  conversion  of  substance 

B  Is  3  times  as  long  according  to  Yander  than  according  to  Equation 

j 

(151) . 

I  The  possibility  of  describing  the  kinetics  of  reactions  In  various 

f 

powdered  mixtures  by  the  approximate  equation  (151)  for  the  diffusion 
I  kinetics  of  reactions  in  spherical  particles  has  been  checked  experl- 

I  mentally  and  confirmed  In  the  work  of  many  authors  (here  we  can  present 

i 

I  only  sane  of  the  data  that  they  obtained) . 

iThus,  Glnstllng  and  Pradklna  [231]  showed  that  the  experimental 

•  I 
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TABU  26 

Ratio  for  Varloua  Valuta  of  0 


1)  According  to  Equation  (151)*  2)  according 
to  Equation  (152);  3)  tya'^* 


data  on  tha  reaction  kinetics  of  calclua 
carbide  with  molybdenun  oxide  (Table  27* 
Pig.  71)  and  soda  with  silicon  dioxide 
(Table  28,  Pigs.  72  and  73)  correspond 
to  this  equation. 

Toropov  and  other  Investigators 
[3691  established  the  same  correspond* 


Pig.  70.  Ty^:t  as  a  func-  ence  for  the  process  In  which  bicalclum 

conver-  silicate  forms  from  calcium  carbonate 

Sion.  AJ  Tyu/t. 

and  silica  at  1350^  and  Fadeyeva  [370] 


demonstrated  it  for  the  process  in  which  sodium  ferrite  is  produced 
Tron  soda  and  ferric  oxide  at  teng>eratures  of  720  and  820^.  lAiginina 
[371]  demonstrated  the  possibility  of  describing  the  kinetics  of  sill* 
cate  formation  in  the  CaC0^*Si02>CaP2  system  at  a  temperature  of  1200® 
by  the  use  of  Equation  (151)* 

Averbukh  et  al.  [372]  obtained  satisfactory  agreement  between 
their  experimental  data  and  calculations  by  Equation  (151)  for  the 


process  in  which  Cr202  is  oxidized  in  chromite  charges  at  temperatures 

.  281  - 


K  ’ 
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TABLE  27 


Kinetics  of  Reaction  Between  Calcium  Carbon* 
ate  and  Molybdenum  Oxide*  (with  [CaC0^1:[MoO 

-  1,  grain  sizes  -  0.153  «“»»  - 

mm  and  t  ■  600°) 


3^  • 
0.036 


1 

t  WMN. 

I0>-  K 

3.5 

0,0455 

0,24 

0,68 

0.29 

e.8S 

7 

0,0009 

0.93 

1.33 

1.07 

1.53 

10 

0,1354 

2.1 

2,1 

2,29 

2.29 

13 

0,1819 

3.08 

3.06 

4.21 

3.24 

15,5 

0.2272 

6.38 

^.12 

6.75 

4.35 

44 

0,5255 

41.5 

9.45 

49.6 

11.06 

47,5 

0,546 

45.3 

9.55 

.52,5 

11.15 

51,5 

0,5635 

48.93 

9.5 

58,5 

11.3 

55 

0,581 

52.63 

9,55 

63.4 

11.51 

60 

0.6 

57.1 

9,55 

63,4 

11.53 

64.5 

0,618 

61.5 

9.55 

75.4 

11,67 

69 

0,6355 

66.i« 

9,58 

81,65 

11.61 

74 

0,6545 

60.57 

9.54 

89,7 

12 

80 

0,6725 

76,67 

9,55 

96.4 

12 

86.5 

0,691 

82,25 

9,5 

104,86 

12.12 

65 

0,709 

88.23 

9.5 

113,7 

12.2 

09,5 

0,727 

94.49 

9.5 

123.44 

12.4 

106,5 

0.7455 

101.4 

9,55 

134.1 

12.6 

113,5 

0,764 

108,77 

9.55 

145.9 

12.76 

123 

0,782 

116,47 

9,55 

158.6 

13 

130,5 

0.8 

124.67 

9,55 

172.4 

13.2 

140 

0,818 

133.55 

9,52 

185 

13.35 

*  Vflth  0  >  0.5,  the  process  Is  limited  by  dif¬ 
fusion. 

1)  T,  minutes;  2)  10^ 3)  10^*Ky^. 


of  900  and  1000°. 

Finally,  Chlshmaru  [373,  374],  who  made  a  detailed  study  of  re¬ 
actions  In  the  CaSO^^-SlOg  system  at  high  temperatures,  found  that 
Equation  (151)  expresses  the  kinetics  of  these  reactions  moat  acc\i- 
rately. 

The  linear  nature  of  the  dependence  of  l(o)  on  the  time  t  of  the 
process  was  established  experimentally  In  References  [231,  369*  371, 
373]  Tor  a  very  long  time  during  which  the  rate  of  the  process  la 
limited  by  Internal  diffusion;  the  same  sources  also  show  the  Inade¬ 
quacy  of  ^uatlon  (152)  for  description  of  the  kinetics  of  diffusion 
processes  in  powdered  crystalline  mixtures.  In  all  of  these  studies. 
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Equation  (132),  which  waa  obtained  by 
tranafoTBlng  Tander'a  Formula  (93)  in 
accordance  with  the  theoretical  con- 
aideratlonc  presented  above,  was  found 
valid  only  for  very  snail  degrees  of 
conversion  of  the  "coated"  reagent. 

It  would,  of  course,  be  of  Inter- 


Pig.  71.  Kinetics  of  chenl-  est  to  describe  the  diffusion  kinetics 
cal  transformation  of  equi¬ 
molar  mixture  of  calcium  of  reactions  In  solids  using  a  general- 

carbonate  with  molybdenum 

oxide  with  grain  slse  Ised  ei^resslon  that  Is  valid  for 

r,^  -  0.036  mm  and  tem- 

particles  of  any -shape.  Here,  we  nay 

peratures  of  58O  and  £OOr» 

1)  r^^  «  0.13  an,  t  «  proceed  from  the  following  consldera- 

-  600®j  I)  -  0.153  tlona  (373). 

an,  t  •  600^;  3)  ■  l^t  a  particle  of  reagent  B,  which 

a  0.13  an,  t  ■  580^.  af  forms  a  product  AB  on  reacting  with 

Time  In  minutes. 

reagent  A,  have  the  volumes  and  V, 

j/e* 


Pig.  72.  Kinetics  of  reactl^  of  soda 
with  silicon  dioxide  with  [S102)s 

[Na2C0.]  >  2,  reagent  grain  sise  r  « 

\  a  0a03o  mm  and  teaperaturas  of  1) 

;  820^;  2)  8OO”.  A)  Timm  In  aUmtas. 

t 

the  masses  V^p  ^  7p  and  the  sxafmee  areas  smd  P  at  the  Initial 


Pig.  73.  Kinetics  of  reaction 
of  soda  with  silicon  dioxide 
with  [SlOgl-.lNagCOj]  -  1,  re¬ 
agent  grain  size  r  *  O.O36  mm 
and  t  =  820°.  A)  Time  in 
mlnutea . 

TABLE  28 

Reaction  Kinetics  of  Soda  With  Silicon  Dioxide* 

With  {S102]:[Na2C02]  1,  Reagent  Drain  Size 

r  =  0.038  nun  and  t  »  820^ 


"HE — 

7  Mna. 

OsiOi 

If./ 

10*.  *• 

— 2 - 

w./. 

41.5 

0,2458 

7.58 

1.83 

7,49 

49 

0.266 

8.96 

1.83 

9,6 

58 

0,2876 

10,6 

’,83 

11.39 

67 

0,307 

12.23 

1.82 

13.3 

77 

0,328 

14.13 

1.83  V 

16.4 

84,5 

0.3416 

15,46 

1,83 

16,6 

92 

0,355 

16.83 

1.83 

18.5 

99,5 

0,3666 

18,22 

1.83 

20,2 

108.5 

0,383 

19.83 

■  1.82 

21,9 

118 

0.396 

21.5 

1.82 

23.9 

127 

0,409 

23,14 

1,82 

25.9 

137 

0.424 

25.03 

1.82 

28,2 

116.5 

0,4366 

26.73 

1.82 

80.4 

157 

0,450 

28.7 

1.82 

32.7 

168 

0.464 

30.81 

1,83 

35,26 

ISO 

0,4776 

33 

1.88 

37.9 

193 

0.492 

35.3 

1.83 

40.9 

206 

0,505 

37.58 

1.88 

■43,86 

220 

0,5196 

40.2 

1.83 

47 

331 

0,5322 

42.56 

1.83 

49.9 

248 

0.546 

45.3 

1.83 

53.6 

263.5 

0,560 

48.16 

1,83 

57,3 

380 

0.574 

51.14 

1.63 

01.4 

290 

0,5876 

54,26 

1.83 

65.3 

312 

0.601 

57,34 

1.63 

09.6 

332 

0.6156 

60.8 

1.83 

74.4  • 

W.K^ 


I.SI 

!:S 

5" 

1. M 

2. (tt 
2.08 
2.08 
2;08 
2.M 
2.08 
2.or 
2.00 
2.1 
2.1 
2.12 
2.12 
2.14 
2.14 
2.10 
2.10 
2.10 
2.2 
2.24 
S.28 


*  With  0  >  0.24,  the  process  Is  limited  by  diffusion. 
1)  T,  minutes;  2)  3)  lO'^-Ky,. 

-  284  - 


«  ) 


1 


point  In  tine  and  after  the  lapse  of  a  certain  time  from  the  beginning 
of  the  react Ion,  respectively. 

If  during  a  tlsw  d^*  the  reaction  has  passed  through  a  thickness 
dx  of  the  plane  of  B  corresponding  to  the  mass  dVp#  then 

■ 

or 


From  this. 


and 


dVmmPix 


The  extent  of  conversion  of  reagent  B  In  fractions  of  unity 
be  expressed  as 

(155) 


y*  V. 

Differentiating  Equation  (135) >  ve  obtain 

"*“V,  St 


/V,- v\ 

v%  /  _  r  SM 


Multiplying  the  right  member  of  this  equation  by  we  obtain 


L.JL^ 

V,  ^  Wt’ 


(156) 


where  la  t^a  Initial  specific  surface  area  of  the  particle  and 

F/Pj  Is  Its  relative  surface  area  (which  depends  on  the  nature  and 
relative  thickness  of  the  layer  of  product  AB  and  varies  during  the 
reaction)  and  both  are  grain-shape  factors,  and  dx/dr  expresses  the 
rate  of  thickening  of  the  product  AB. 


»/>*. 


f 


Is  a  function  of  the  degree  of  conversion  of  reagent  B: 
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>• 


9(G). 


explicit  form  of  this  function  differs  for  different  geo¬ 
metrical  shapes. 

Thus,  for  a  sphere  q)(G)  ■  (i  ^  0)^^^  and 


-j-r-a* - -r(/{-xy 


-(^T 


(157) 


For  a  solid  cylinder,  <p(Q)  =  (1  —  and  so  forth. 

The  ratio  also  be  expressed  as  follows: 

^  «JL 

91' 

where  ii  Is  the  shape  factor  (which  Is  1/3  for  a  sphere,  1/6  for  a 
cube,  and  so  forth)  and  1^  Is  the  least  thickness  of  the  grain. 

If  we  designate  dx/dx  *=  a,  Equation  (I56)  may  be  written  In  the 

form 


dx 


-^9(G)«=-^»(0) 


and,  further,  introducing  the  notation  a/fl  «  x>  obtain  a 

generalized  expression  for  the  diffusion  kinetics  of  a  reaction  In  a 
solid  mixture: 


4x 


XT  (OK 


(158) 


which,  depending  on  the  expressions  determining  the  reaction- rate 
factor  X  and  the  grain  shape  factor  9(0),  may  assume  the  form  of 
Equations  (133),  (153a)  and  others. 

It  will  be  appropriate  here  to  touch  upon  the  problem  of  the 
pseudomlcroklnetlcs  of  reactions  In  mixtures  of  solids. 

The  situation  here  is  that  quite  often,  without  a  sufficiently 
clear  conception  of  the  reaction  mechanism,  an  experimentally  estab¬ 
lished  kinetic  law  for  a  reaction  leads  to  an  erroneous  conclusion 
1 

as  to  its  limiting  stage. 
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A  eharacteristle  txanple  of  this  phenonsnon  Is  the  pseudonono- 
moleeulsr  reaction,  the  kinetic  equation  of  which  is  governed  by  a 
special  case  of  the  diffusion  kinetics  of  the  process. 

.  As  we  know,  the  rate  of  certain  jproeesses  pertaining  to  th#  dlf- 
fusion  region,  i.e.,  processes  that  take  place  with  a  diffusion  layer  - 
of  constant  thickness,  can  be  expressed  by  the  equation  of  a  first-  ; 
order  reaction. 

Thus^  if  a  solid  substance  A  reacts  with  a  liquid  substance  B  to 
produce  a  solid  product  AB  that  fonss  with  reagent  B  a  mixture  that 
melts  at  the  temperature  of  the  process,  then  the  diffusion  layer  of 
the  product  AB  grows  continuously  on  the  A  side  and  goes  over  into  the 
liquid  phase  on  the  B  side. 

In  this  case,  the  thickness  of  the  product  AB  diffusion  layer  uy 
have  a  practically  constant  very  small  value  over  a  considerable 
period  of  time. 

The  reaction  product  AB,  which  goes  over  into  the  liquid  phase, 
forms  a  more  or  less  homogeneous  mixture  (melt,  solution)  with  reagent 
B,  in  which  the  concentration  of  B  falls  off  continuously  as  the 
pz>ocess  advances. 

Since  the  diffusion  resistance  of  the  solid  product  AB  is  ccn~ 
slderably  higher  than  that  of  the  liquid,  the  concentration  of  reagent 
B  at  the  boundary  between  the  layers  AB^  and  (AB  4-  Is  practically 

equal  to  its  concentration  in  the  liquid  (AB  4-  B) .  Thus,  this  concen¬ 
tration  of  B  at  the  outer  surface  of  the  product  layer  AB^  also  changes 
continuously  as  the  process  advances. 

The  concentration  of  B  at  the  AB-A  boundary  is  equal  to  or  close 
to  zero,  since  the  rate  of  chemical  reaction  is  incommensurately  high¬ 
er  than  the  diffusion  rate. 

In  view  of  the  above,  the  process  rate  In  the  diffusion  region 

j 
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can  be  expressed  with  a  degree  of  approximation  for  this  case  as 

iS.^KCF. 

wt  . 

And  since  for  a  stoichiometric  mixture  of  the  reagents^  the  con¬ 
centration  of  substance  B  at  the  boundairy  between  AB^  and  (AB  -f 

and  the  cross-sectional  area  of  the  diffusion  flow  (or  the  surface  AB^) 

is 

t 

then  the  diffusion  rate  and  the  rate  of  the  entire  process  as  a  whole 
vary  in  this  case  In  accordance  with  the  change  In  concentratlwi  of 
the  unreacted  substance  B  In  the  (AB  -i-  3)^1^  mixture  and  the  cross- 
sectional  area  of  the  diffusion  flow  after  Equation  (117) • 

In  the  particular  case  In  which  P  «  const  over  the  entire  course 
of  the  process  (reaction  between  tablets),  the  variation  of  Its  fate 
takes  place  following  a  law  corresponding  to  monomolecular  reaction: 

9% 

§6.'  PROCESSES  LIMITED  BY  ADSORPTION,  SUBLIMATION  AND  OTHER  PHENOMENA. 
CHANGE  IN  REACTION  KINETICS  DURING  ITS  PROGRESS.  TRANSITIONAL 
REGION 

Under  practical  conditions,  the  kinetics  of  a  process  aiay  be  de-. 
fined  not  only  by  the  rate  of  the  chemical  reaction  Itself  ($3),  seed 
formation  (§4)  or  Internal  diffusion  ($3),  but  also  by  other  phenomena. 

When  the  slowest  stage  In  a  chemical  reaction  taking  place  In  a 
solid  mixture  Is  sintering,  recrystalllzatlon,  adsorption  some 
other  "elementary"  process,  the  laws  governing  the  varlatl«n  of  Its 
rate  will  naturally  determine  the  kinetics  of  the  entire  reaction. 

Thus,  If  it  la  limited  bp  adnorptlon  (of  particles  of  one  reagent 


onto  the  grain  surfaces  of  the  other) «  then 

(159) 

where  Is  the  partial  pressure  of  the  adsorbed  reagent  over  the  ad¬ 
sorbent  and  is  a  constant} 

if  it  is  limited  by  sublimation  of  one  of  the  reagents*  then* 
according  to  what  was  said  in  $4  of  Chapter  2  (see  also  [231*  346])* 
the  kinetics  of  the  process  may  be  described  by  Equations  (8la)  and 
(83)*  In  which  0  will  express  the  extent  to  which  the  sublimating  sub¬ 
stance  Is  converted  into  the  product; 

if  the  reaction  is  limited  by  sintering*  the  intensity  of  the 
process  may  depend  on  the  average  radius  of  the  "contest  circle"  be¬ 
tween  grains*  which  was  defined  by  Equation  (33)*  and  so  forth. 

It  is  clear  fr<xn  the  above  (§$2-3)  that  the  value  of  the  motive 
force<^  and  resistances  in  the  individual  stages  of  the  reaction  and* 
consequently*  the  relationship  between  the  possible  rates  of  its 
various  stages  may  change  during  the  reaction  process.  As  a  result* 
a  fundamental  change  in  the  reaction  kinetics  may  take  place  as  a 
function  of  time.  It  is  possible*  for  example*  that  in  the  initial 
period  of  the  reaction*  with  a  negligibly  small  diffusion  resistance 
of  the  product  layer*  its  rate  may  be  limited  by  the  rate  of  the 
actual  chemical  reaction  at  the  phase  boundary*  and  later*  after  the 
[product]  layer  has  thickened  considerably*  by  the  rate  of  diffusion 
of  the  reagents  in  it.  Here*  as  in  other  similar  cases*  the  reaction 
kinetics  during  the  various  stages  must  be  described  by  different 
equations*  in  accordance  with  the  transitions  of  the  process  frran  one 
region*  e.g.*  frcmi  the  region  of  chemical  kinetics*  into  another  - 
e.g.*  into  the  diffusion  region. 

I 

3uch  transitions  of  the  process  from  one  region  into  another  may 


TABLE  29 

Kinetics  of  Reaction  Between  Calcium  Carbonate 
and  Molybdenum  Oxide*  With  [MoO^jttCaCO^]  ■ 

-  3,  grain  sizes  **MoO,  “ 


0.064  mm  and  t  >  380' 


i 


1  t  MHO. 

o-«« 

w.r 

W.K  ' 

W.1 

W.K 

18 

- — 

0.0757 

50,9 

2.82 

22 

0.99? 

61.53 

2,78 

— 

—  • 

26 

0.1061 

Ti.OT 

2.75 

— 

— 

30 

0.1213 

82.6 

2.75 

— 

32,5 

0.1303 

88.9 

2.73 

— 

— 

35 

0,1392 

95.1 

2.74 

— 

— 

38.5 

0,1485 

101,63 

2.64 

— 

~ . 

62,5 

0,581 

M  - 

■— 

66.5 

0.6 

57.1 

!*• 

71,5 

0,618 

61.5 

8.6 

76.5 

0,6355 

— 

_ 

66.08 

8.65 

81 ,5 

0,6545 

70.57 

8.65 

88,5 

0,6725 

.... 

76.67 

8,6 

95 

0,641 

_ 

^  . 

82.25 

••S 

102 

0,709 

88,23 

8.65 

109 

0,717 

... 

94.49 

••S 

117 

0.7455 

101.4 

8,65 

126 

0,764 

108,77 

8.63 

135 

0.782 

... 

116.47 

8.64 

144,5 

0.8 

124,67 

8,64 

155 

0,818 

133,55 

8,65 

166 

0,836 

143,07 

8,63 

178,5 

0,855 

153.95 

8,64 

192 

0,873 

— 

165,3 

6.6 

*  The  process  is  limited  first  by  sublimation 
and  then  by  diffusion. 

**  For  T  <  38.5,  0  expresses  the  extent  of  con¬ 
version  oT  the  MoO^,  and  subsequently  that  of 

CaCO^  * 

1)  Tf  minutes. 


r  10’  jw* 


Fig.  74.  Kinetics  of  reaction  between 
calclvuR  carbonate  and  molybdenum  oxide 
with  [llo03]:[Ca003]  -  3?  r^^co  “ 

^MoO  *  ^ 
minutes . 


Fig.  73.  Kinetics  of  reaction  of  soda 
with  silicon  dioxide  in  the  presence 
of  NaCl  with  [Si02)t[Na2C0«]  -  1;  r  - 

■  0.036  mm  and  t  ■  750^.  1)  Time  in 
minutes . 

be  observed  in  practice.  Thus,  Oinstling  and  Fradkina  [231]  established 
that  when  molybdenum  oxide  reacts  under  certain  conditions  with  cal¬ 
cium  carbonate,  the  rate  of  the  process  is  limited  first  by  sublima¬ 
tion  of  the  molybdenum  oxide  and  subsequently  by  its  diffusion  through 
a  layer  of  calcium  molybdate  that  forms  as  a  result  of  the  reaction. 

In  accordance  with  this,  the  process  kinetics  is  expressed  first  by 
Equation  (82a)  and  later  by  Equation  (131)  (Table  29  and  Pig.  7^) . 

The  same  authors  [231]  demonstrated  transition  of  the  process 
from  the  region  of  the  actual  chemical  kinetics  into  the  diffusion 
region  in  the  reaction  of  silicon  dioxide  (quartz)  with  soda.  Running 
this  reaction  at  a  temperature  of  730^  in  the  presence  of  NaCl,  we 
may. observe  a  radical  change  in  the  reaction  kinetics  over  time 
(Table  30,  Fig.  73). 

Lxiginina  [371]  noted  such  a  change  for  the  process  in  which 
calcium  silicate  is  produced  from  silicon  dioxide  (quartz)  and  CaCO^. 

The  actual  transition  of  the  process  from  one  region  (e.g.,  the 
reaction  at  the  interface)  to  another  (e.g.,  diffusion  in  the  bulk  of 
the  phases)  )nay,  depending  on  the  conditions  of  the  process,  occupy 


I 

( 

i 


TABLE  30 

Kinetics  of  Reaction  Between  Soda  and  Silicon 
Dioxide*  in  the  Presence  of  NaCl  With  [Si02ls 

iNagCO^l  -  1,  r  -  O.036  mm  and  t  -  750® 


1  “ 
t  MMS. 

1  ®SiO, 

W.K 

M*./ 

W.K 

I.S 

0,0341 

3 

0.0683 

4.S 

0.1022 

67.5 

0.3413 

3.22 

4,76 

•• 

78 

0,376 

3.7 

4.75 

— 

80 

0.409 

4.21 

4.74 

•• 

•4. 

%,S 

0.430 

4.55 

4.72 

104 

0.450 

4.9 

4.71 

— 

114.5 

0.4775 

5.43 

4.76 

121,5 

0.492 

5.7 

4.70 

• 

130,5 

0.3115 

6.15 

4.71 

•• 

140,5 

0.5325 

6.63 

4.72 

151 

0,5525 

7;  12 

4.72 

163 

0.574 

7.7 

4.72 

175 

0..594 

8.25 

4.72 

189 

0.6145 

8.9* 

4.71 

206 

0,635 

65,37 

3.10 

219,5 

0.649 

69,73 

3.17 

232 

0.662 

73,57 

3.16 

251 

0.6835 

78,43 

3.12 

268 

0.686 

83.9 

3.14 

282 

0,710 

88.57 

3.14 

298 

0.724 

93.43 

3.14 

313 

0,737 

98,17 

3.14 

330 

0,751 

— 

— 

103,53 

3.14 

*  The  process  is  limited  first  by  the  reaction 
and  then  by  diffusion. 

1)  j,  minutes. 

a  longer  or  shorter  span  of  time. 

In  reactions  between  crystalline  solids,  it  is  frequently  neces- 
sary  to  deal  with  a  transitional  region  in  which  the  rate  of  the 
over-all  process  is  limited  and  determined  by  the  rate  of  two  or 
more  phenomena  simultaneously;  sometimes  a  transitional  region  oc¬ 
cupies  the  entire  time  span  during  which  observations  are  conducted. 
At  any  rate,  it  merits  the  attention  of  investigators,  the  more  so 
because  study  of  "mixed"  kinetics  in. the  reactions  under  considers- 
tion  has  thus  far  not  produced  simple  and  exact  expressions  for  many 
practical  eases.* 

•  .TV.  .*'  • 

^  Using  the  so-called  quaslstationary  method  or  the  method  of  the 
equal-access  surface,  we  may  obtain  an  approximate  but  quite  general 
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solution  to  the  nlxed'kinetlcs  problem  [78]. 

We  shell  regsrd  the  reaction  surfaces  of  the  grains  to  be 
equally  accessible  for  diffusion  and  the  diffusion  condltlMia  as  ln« 
dependent  of  whether  or  not  a  reaction  takes  place  on  this  surface. 

Let  the  reaction  rate  at  the  surface,  which  depends  on  the  concen¬ 
tration  of  the  reacting  substance  at  this  surface,  be  f(C')* 

In  the  stationary  or  quasi  stationary  state;  the  reaction  rate  la 
equal  to  the  quantity  of  material  diffusing  toward  the  reaction  sur¬ 
face,  and  Is  expressed  by  the  formula 


where  fi  Is  the  rate  constant  of  diffusion  and  C  Is  the  concentratlm 
of  the  diffusion  substance  at  the  external  surface  of  the  diffusion 

layer. 

The  diffusion  rate  constant  0  Is  analogous  to  the  heat-transfer 
coefficient  and  may  be  determined  from  the  equation  of  specific  dif¬ 
fusion  fluxt 


(161) 


O  O 

Since  2  has  the  dlmenslonsof  moles/cm  ‘sec  (or  g/cm  'sec),  while 
dC  Is  given  In  moles/cm^  (or  g/cm^),  the  dimensions  of  p  are  cm/sec. 

Solving  Equation  (160)  for  any  explicit  form  of  f(C')*  n>sy 
obtain  C  as  a  function  of  C  and  then  the  value  of  the  reaction  rate 
In  the  mixed  region. 

In  the  simplest  case.  In  which  P  -  const  (tablet  reaction)  and 
the  reaction  at  the  surface  Is  of  the  first  order 


Equation  (l6o)  assumes  the  form 


f(C-<r)-ac'. 


from  which 


(162) 


(163) 


Here,  the  reaction  rate  for  the  quasistatlonary  process  is 


^  r 


(164) 


Since  In  this  case  the  macroscopic  reaction  rate  also  follows  the 
first  order,  we  may  write 


where 


K* 


(165) 


*+>  (166) 
Considering,  Instead  of  the  rate  constants  of  reaction  and  dif¬ 
fusion,  their  reciprocals,  we  obtain  In  this  simplest  case 


*•  *  r 


(167) 


l.e,,  the  diffusion  and  chemical  resistances  to  the  process  simply 

add. 

Obviously,  the  equation  will  be  greatly  simplified  If  the  values 
of  the  quantities  k  and  ^  are  not  comparable,  l.e.,  when  the  process 
does  not  belong  essentially  to  the  transitional  region. 

Thus,  with  k  »  p,we  find  that  K*  s  p  and  the  rate  of  the  process 
Is  determined  by  the  diffusion  rate;  In  this  case,  the  process  rate 
will  naturally  be  Independent  of  the  chemical  reaction  mechanism. 

With  k  «p,  we  get  K*  s  k.and  C  s  C  and  the  rate  of  the  over-all 
process  will  depend  wholly  on  the  rate  of  the  actual  chemical  reaction. 

Let,  as  before,  the  reaction  process  between  A  an(i  B  (see  page 
185)  consist  of  sublimation  of  reagent  A,  Its  diffusion  toward  re¬ 
agent  B,  and  reaction  between  them  to  form  a  product  AB. 

Let  us  adopt  the  following  notation  for  our  analysis  of  this 
process: 
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V...  V.  and  W^:  the  reaisiances  to  auhllaatlon,  reaction  and  dlf- 
V'  r  <1 

fusion,  respectively:  Co*  Cl  and  C^:  the  respective  concentrations  of 
the  sublimating  reagent  at  the  surface  of  its  own  grains,  at  the  outer 
surface  of  the  product  diffusion  layer,  and  at  the  reaction  surface 
of  the  second  ("coated'*)  reagent;  C^:  the  concentration  of  the  second 
reagent  at  the  AB-B  interface;  Fg  and  F^:  the  respective  areas  of 
the  reaction  surface,  the  smallest  cross  section  of  the  diffusion 
flux,  and  the  sublimation  sun  ioe. 

Obviously,  the  overfall  concentration  gradient,  which  expresses 

the  motive  force  of  the  process 

C|,  C|,  — 

+  (C,  -  CJ  h  (C,.C,) «  C,-C,(l  -  Cm).  ( 168) 

With  Cq  «  1,  the  motive  force  of  the  process  is  nothing  else  but 
the  concentration  of  the  sublimating  reagent  at  the  surface  of  its 
grains:  AC  «  Cq  and,  under  isothermal  conditions,  is  a  practically  con- 
stand  quantity. 

If  the  process  consists  solely  of  sublimation  and  reaction  or 
of  diffusion  and  reaction,  we  have,  respectively, 

AC-C, 

and 


AC=-C|. 

In  all  of  these  cases,  AC  -  const,  so  that  Equation  (103)  may  be 
rewritten  in  the  form 


(169) 


With  F^  •  ^1^2  *  •  •  •  *  1^1  *  •  •  •  *  l^n*  i *0 • ,  in  the 

ease,  for  example,  of  a  stoichiometric  mixture.  Equation  (103)  assumes 
the  form 


_ r _ 


(170) 
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In  its  general  form,  this  approximate  equation  expresaes  the 
rate  of  a  process  of  the  type  described  as  a  function  of  the  basic 
factors  determining  It.  Obviously,  the  problem  consists  In  finding 
the  form  of  the  functions  -  f(0)»  W^,  ■  p(0)  and  ■  t(0),  which 
reflect  the  laws  governing  the  variation  of  the  principal  resistances 
to  processes  of  this  type  as  they  unfold.^ 

Numerous  attempts  to  describe  mixed  reaction  kinetics  In  crystal¬ 
line  mixtures  have  become  known.  For  the  reasons  Indicated  above, 
they  usually  either  Involve  significant  simplifications  of  the*  pr6b- 
lem  (first  trend)  or  (second  trend)  result  In  complex  e]q;>resslons 
that  are  more  exact  but  less  easily  handled  for  practical  purposes. 

The  work  of  Flshbek  [78]  Is  worthy  of  mention  among  the  studies  of 
the  first  trend.  His  reasoning  as  to  the  kinetics  of  solid-phase  re¬ 
actions  In  the  transitional  region  may  be  induced  to  the  following. 

Let  two  substances  react  with  one  another  with  formation  of  a 
diffusion  layer  of  their  compound  In  such  a  way  that  the  z*ate  of  the 
actual  reaction  and  the  rate  of  diffusion  are  comparable  with  one 
another.  This  may  occur,  for  example.  In  cases  where  the  concentra¬ 
tion  gradient  dC'/x  of  the  diffusing  agent  In  the  product  layer  repre¬ 
sents  a  considerable  quantity,  i.e.,  with  very  small  values  of  the 
thickness  x  of  this  layer.' 

In  these  cases,  the  total  concentration  gradient  of  the  diffus¬ 
ing  reagent  is 

AC«AC'  +  AC',  (171) 


Where  dC  Is  the  concentration  gradient  of  this  reagent  In  the  product 
layer  and  dC  Is  the  same  gradient  at  the  boundary  between  the  product 
pnd  second- reagent  phases.  yv',' 

It  is  obvious  that  on  the  one  hand 
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whll«  on  tho  othor 


AC 

-0 

AC* 

-AC 

X 

—  0^ 

AC 

—  AC 

AC 

-0 

X 

-oo. 

(172) 


(173) 

In  view  of  the  above,  we  may,  in  a  alnple  (and  quite  coarse)  ap» 
proxlmatlon,  regard  LC”  aa  proportional  to  AC'/x,  l.e., 

.  AC-  (174) 

On  the  basis  of  Equation  (171), 

(175) 

and 


(176) 

On  this  basis,  regarding  the  diffusion  layers  of  the  product  as 
flat  and  remembering  that 

K^. 

*•-  X 

applies  for  such  layers,  Flshbek  obtains  the  equation 


ATiC— 1~. 
d-  jr+IC,' 


(177) 

which,  after  separation  of  variables  and  Integration,  assumes  the 
form 


or 


(178) 


(179) 


which  differs  In  form  frcmt  Yander's  Equation  (91). 

With  X  <  K^,  Expression  (179)  Is  easily  reduced  to  the  form 


i+f +  4-if + 

X.  2#:}  Kj 


from  which 
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Jt  — — lii/f?+lnt).  (180) 

If.  following  Flshbek,  we  now  disregard  the  quantities  l^n  and  ^ 
o' 

^n  as  small  by  comparison  with  ^n  t#  we  may  easily  obtain  the  expres¬ 
sion 

jc=3/f, int,  .  . 

or,  otherwise  expressed 


which  Is  consistent  with  Tammann's  Equation  (88). 

It  therefore  follows  from  the  above  that  Equation  (88)  may  serve 
for  highly  approximate  description  of  the  kinetics  of  these  pi*o-- 
cesses  In  the  transitional  region. 

Nevertheless,  the  validity  of  Flshbek's  reasoning  and  conclusions 
Is  relative.  Their  Inadequacy  Is  due  to  the  author's  use  of  simplified 
conceptions  concerning  the  mechanism  of  reactions  between  solids,  his 
use  of  the  unjustified  assumptions  noted  earlier  (specifically,  the 
assumption  that  the  diffusion  layers  are  planar)  In  his  reasoning  and 
derivations,  and  the  nonrigorous  solution  of  ceitaln  equations. 

It  Is  Impossible  In  the  present  monograph  to  delineate  the  studies 
that  have  been  made  In  the  second  trend,  which  propose  to  describe 
circumstantially  and  rigorously  the  kinetics  of  these  reactions  In 
the  transitional  region.  It  Is  sufficient  to  note  that  these  studies 
(they  Include,  for  example,  the  Investigation  of  Stal'khane  and 
Hal'mberg  [3731)  have  not  yet  resulted  In  the  derivation  of  equations 
that  can  be  used  for  direct  description  of  the  kinetics  of  real  reac¬ 
tions  In  crystalline  mixtures  over  any  broad  range  of  conditions  (at¬ 
tention  has  been  drawn  to  this  by  Yesln  and  Qel'd  [368],  among  others), 
and  essentially  represent  slnqply  various  mathematical  formulations  of  ^ 
the  problem  as  applied  to  various  partienlar  cases. 
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[Footnotes] 


Equation  (9^)  is  considered  In  detail  In  §3  of  Chapter  7* 

Crystallisation  kinetics,  a  special  study  of  which  apMars 
in  the  well-known  works  of  FOl'mer  [3^7l«  Bochvar  [34o], 
Frenkel'  [44,  45],  Danilov  [162],  and  certain  other  authors, 
is  a  separate  and  rather  broad  field  and  is  not  considered 
here.  The  reader  will  find  an  exposition  of  the  conteqpo- 
arary  theory  of  this  process  in  the  second  volume  of  tlw 
book  by  Yesin  and  Qel'd  [368]. 

Equations  (96)  and  (114)  naturally  also  desczlbe  the  kine¬ 
tics  of  reactions  whose  rate  is  Independent  of  the  concen¬ 
tration  of  the  reagents  at  the  contact  surface. 

The  preliminary  results  of  these  works  were  reported  at  the 
Conference  on  Heterogenous  Catalysis  in  May  1940. 

jm 

When  C  is  the  molar  concentration,  *  ^  .  If  C  is  the 

concentration  by  weight,  ,_i2L  $  where  u-.  is  the  molecular 

welf^t  of  A.  H 

Certain  premises  concerning  this  were  briefly  touched 
upon  in  §2  of  this  chapter. 


[List  of  Transliterated  Symbols] 

3  -  z  s  zemo  ->  grain 
T  -  t  ■  tverdoye  telo  -  solid 
X  «  zh  »  zhidkost*  «  liquid 
cp  >  sr  -  sredniy  >  average 
II  >  ya  >  Yander 

B  >  V  -  vozgonka  ■>  sublimation 
p  -  r  -  reaktsiya  ■  reaction 
A  -  d  «  diffuziya  *  diffusion 
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Chapter  6 

PRINCIPLES  FOR  CLASSIFICATION  07 
REACTIONS  IN  CRYSTALLINE  MIXTURES 

The  inpoptant  ai^  quite  coiqplex  problem  ol'-  claeelfylng  reactions 
that  take  place  on  heating  of  csrystalllne  solids  has  been  touched 
upon  In  relatively  few  studies.  Yander,  Myuller,  Xhyuttlng,  Yost, 
Oamer,  Pozln  and  Qlnstllng,  Khaufe  and  certain  other  Investigators 
have  been  concerned  with  It. 

While  they  do  not  solve  this  problem  completely,  the  work  of  these 
Investigators  enables  us  to  map  out  basic  principles  (or  criteria)  for 
classifying  reactions  In  solids  that  facilitate  systematic  study  and 
description  of  these  ireactlons. 

The  first  attempt  at  systematizing  solid-phase  reactions  was  un¬ 
dertaken  about  30  years  ago  by  Yander  [376].  The  basis  for  the  classi¬ 
fication  that  he  proposed  Is  the  nature  of  the  chemical  reaction  be¬ 
tween  the  solids.  Accordingly,  Yander  divides  reactions  between  solids 
Into  the  following  groups. 

1.  Reactions  of  a  basic  oxide  with  an  acidic  oxide;  e.g.,  some 
oxide  such  as  BaO,  CaO,  SrO,  MgO,  ZnO,  PbO,  CdO,  NIO,  FeO,  CoO,  CuO, 
etc.,  with  s(mie  acidic  oxide  such  as  WO^,  NoO^,  SlOg*  TlOg,  VgO^, 

70^03,  etc..  In  a  reaction  of  the  type 

BuO  +  WO,-.BaWO«. 

.  2.  Reaction  of  a  salt  of  carbonic  or  sulfuric  acid  with  a  basic 

oxide,  accompanied  by  displacement  of  the  acid  anhydride  toward  the 
oxide;  for  exaitple,  the  reaction  of  strontium,  calcium  or  magnesium 


carbonate  with  oxides  of  barium,  strontium,  calcium  and  the  sulfates 
of  Ca,  Sr,  Mg,  Co,  Ag,  Pb,  Cu  with  oxides  of  Ba,  Sr,  Ca,  Pb,  Mg,  etc., 
according  to  the  type 

.  AgSO.  +  PhO-PbSO.  +  AgA 

3.  Substitution  of  the  CO2  in  a  carbonate  by  a  solid  acidic 
oxide;  for  example,  the  reaction  between  CaCO^,  SrCO^,  BaCO^  and 
SiOg,  MoO^,  WOg,  according  to  the  type 

CftiOO,  -4“  MoO,  ■*+■  C41M0O4  "p  CO|» 

4.  Substitution  of  the  metal  In  salts,  oxides  or  sulfides  by 
another  metal,  which  takes  place,  for  example,  on  heating  of  magnesium 
with  oxides  of  zinc,  tellurium,  cadmium,  copper,  or  nickel;  on  heating 
of  Zn  with  CuO,  PbO,  or  Agl;  of  Fe  with  PbO,  CuO;  Pb  with  CuO,  and 

so  forth,  for  example 

Mg  +  ZnO  -♦  MgO  -f"  Zit, 

5.  Exchange  decomposition  on  reaction  of  a  carbonate  with  a  8Ul-> 
fate,  according  to  the  type 

BaSO,  +  Na,CO, ->  NojSO,  4- BaOV 

This  reaction  grouping  of  Yander,  which  was  unquestionably  useful 
to  investigators  In  its  time,  is  now  of  historical  rather  than  theo¬ 
retical  and  applied  importance. 

Indeed,  It  is  not  difficult  to  perceive  that  reactions  of  group 
2,  in  which  part  of  component  A  is  separated  from  it  and  combines 
with  component  B,  are  similar  to  reactions  of  group  4,  in  which  the 
same  phenomenon  occurs.  From  the  standpoint  of  systematization  of  the 
chemical  reactions,  the  difference  that  exists  in  this  case  between 
the  chemical  compositions  of  the  part  split  off  from  A  and  the  part 
that  moves  toward  B  is  nonessential,  because  its  composition  does 
not  determine  the  fundamental  nature  of  the  relationships  governing 
the  procesb.  A  large  number  of  technically  Important  reactions  between 

-  300  - 


solids,  sueh  as,  for  example,  reactions  In  which  metal  sulfates  are 
reduced  by  carbon,  the  reactions  between  phosphates  and  sietallie 
oxides,  and  others,  do  not  fit  Into  Vender's  classification. 

At  the  present  tlsM,  when  solid-phase  processes  are  numbered  In 
the  thousands,  sueh  a  classification,  which  takes  note  only  of  certain 
general  features  (chiefly  concerned  with  the  chemical  composition  of 
the  Initial  components).  Is  of  limited  value. 

An  attempt  to  classify  chemical  reactions  from  a  technical  stand¬ 
point  was  undertaken  at  one  time  by  Myuller .  [  377  ] .  Taking  Into  account 
the  fact  that.  In  general,  it  Is  possible  for  a  solid  to  react  with 
a  solid,  a  liquid  or  a  gas,  for  a  liquid  to  react  with  a  liquid  or  a 
gas,  for  a  gas  to  react  with  a  gas  and  for  a  solid  to  react  simul¬ 
taneously  with  a  liquid  and  a  gas,  Hsruller  accordingly  classifies  all 
chemical  reactions  Into  seven  classes.  Further,  assuming  that  the 
reaction  of  each  pair  of  bodies  (e.g.,  solid  with  solid)  can  give 
seven  different  (as  regards  the  combination  of  physical  states) 
products,  he  distinguishes  seven  types  of  reaction  In  each  class. 

Thus,  class  1  of  Myuller's  system  (solid  +  solid)  encompasses 
the  types: 

1) T  +  T-^T+T;  T  -  t  •  solid 

2)  t  +  T-*-T  +  )K;  *  »  sh  -  liquid 

3) T+T-»T+.r;  r  -  g  -  gas 

4)  T  +  T-*)K  +  )K; 

5)  T+T-*)K+r; 

6) T  +  T-r  +  r; 

7) T  +  T-*'T  +  )K4'r. 

As  s  result,  the  total  nua^er  of  types  over  all  classes  Is  49. 

Having  for  the  most  part  practical  objectives  In  mind  for  his 
classification,  Kyuller  admitted  a  number  of  simplified  coneepti<ms 
of  chemical  processes  In  It.  Thus,  for  exasqple,  he  does  not  draw  a 
distinction  between  the  concepts  of  "solid"  (one)  and  "solid  +  solid" 
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(two)  or,  accordingly,  between  the  proceaaeat 

a)  solid  solid  +  gas  and 

b)  solid  -I-  solid  solid  +  gas 

As  a  result  of  this,  for  example,  the  reaction  In  which  calcium 
carbonate  dissociates  and  the  reaction  in  which  it  Interacts  with 
kaolinite  to  form  silicates  and  other  calcium  compounds  with  evolution 
of  COg,  which  have  very  little  in  common,  fall  into  the  same  type. 

Furthemore,  in  assigning  a  reaction  to  one  type  or  another, 
Myuller  uses  as  his  guide  only  the  initial  and  final  physical  states 
of  the  system  components,  but  does  not  always  follow  this  rule  rigor¬ 
ously. 

As  a  result,  for  example,  he  classifies  the  reaction 

NaHSO,  +  NaQ  Na,SO,  +  HQ 

among  those  of  the  type  T  +  T  -►  T  +  Q,  while  NaHSOj^  is  in  the  liquid 
state  at  the  temperatures  at  which  it  reacts  with  NaCl. 

For  the  same  reason,  the  reaction 

CmO  +  C->C«  +  CO 

is  regarded  in  this  classification  as  proceeding  by  reaction  of  solid 
with  solid,  while  its  progress  preferentially  through  the  gaseous 
phase  is  much  more  probable  in  this  case;  the  scheme  here  would  be 

CO  -J-  CuO  “►  Cu  "t*  CO| 

■  CO,4-C;^2CO 
CuO  -f’C*^  Cu  CO. 

It  is  precisely  in  this  way  that  contemporary  metallurgy  [260, 
283,  284,  378- 3S0]  treats  the  mechanism  of  processes  in  which  metal 
oxides  are  reduced  by  solid  carbon. 

Nor  may  we  exclude  in  this  case  the  possibility  of  dissociation 
of  copper  oxide  with  subsequent  binding  of  oxygen  by  the  carbon. 

Further,  as  a  resiilt  of  his  simplified  characterization  of  the 
processes  on  the  basis  of  the  above  criteria,  l^ller  incorrectly 
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elMslflM  th«  L«blane  prooMt,  In  aeeordane*  with-  its  ov«r-all  tqtut- 
tion 

N4,S0,  4- 4C  4- CaOOb -«>  NidOQi  4- CaS + 400; 

* 

which  docs  not  reflect  the  setuel  path  token  by  the  interection  of 
the  reagents  end  IntenMdlste  products,  ssKWig  reactions  of  the  typet 

solid  4-  solid  solid  4-  liquid  4-  gas,  and  so  forth. 

Hsturslly,  such  s  elsssificstion  nsy  be  of  service  in  certain 
problems  of  s  praotlesl  nature,  but  it  is  not  capable  of  assisting  in 
a  generalizing  investigation  of  solid-phase  processes. 

Tost  [2l8]  breaks  up  reactions  between  solids  into  the  following 
classes. 

A.  Reaction  between  two  elements  (for  practical  purposes,  accord¬ 
ing  to  Tost,  we  can  speak  in  this  ease  only  of  metals)  with  formation 
of  a  compound  of  them,  according  to  the  type 

Ar4-Ar-«.AfAr  or  «Ar4iiAr-»>A^. 

B.  Reaction  between  two  compounds  having  one  coaq>onent  (element, 
ion  or  c<mplex)  in  common,  e.g., 

mArr  4- sAf'A' (Ar;r4,(Af AT), 
or 

mM'X'  4-  hM’X'  ■*  {ATXXiM'XX 

C.  Reaction  between  two  compounds  that  do  not  have  a  common  cois- 
ponent,  such  as 

M'jr  +  ATjr Af<r + ATAT. 

Then  Tost  divides  each  class  into  groups  (subclasses)  in  accord¬ 
ance  with  the  possibility  of  formation  of  solid  solutions  in  the  sys- 
t<Mi  and  their  nature,  e.g.t 

1)  the  initial  substances  and  products  (i.e.,  all  components  of 
the  system)  form  solid  solutions  with  unlimited  solubility,  i.e.,  are 
miscible  with  one  another  in  all  proportional 

2)  the  Initial  substances  and  the  products  form  solid  solutions 
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with  limited  solubility; 

3)  some  of  the  system  components,  e.g.,  the  initial  substances, 

^  ■  •  'j'  .  ■  •  - 

do  not  form  solid  solutions;  "  .  ‘  ? 

4)  neither  the  initial  substances  nor  the  final  products  form 
solid  solutions. 

Further,  the  reaction  types  are  distinguished  from  one  another  in 
accordance  with  this  classification  on  the  basis  of  the  mobility 
difference  (difference  between  diffusion  rates)  between  the  elements 
(complexes)  of  the  type  M*,  M”  and  the  type  X',  X". 

Thus,  we  obtain  the  following  pattern. 

A.  Reactions  of  M'  with  M". 

1.  a)  M*  and  M"  form  solid  solutions  with  unlimited  solubility. 

In  this  case,  we  have  a  diffusion  process. 

b)  If  M'  and  M"  form  solid  solutions,  but  the  rate  of  diffusion 
of  one  component  Into  the  other,  e.g.,  M"  into  M',  is  extremely  low, 
then  the  final  products  will  be  a  solid  solution  (M',  M")  and  the 
practically  pure  initial  component  M*. 

2.  M'  and  M"  form  only  solid  solutions  with  limited  solubility. 

In  this  case,  there  will  be  two  solid  solutions  formed  in  the  final 
reaction  product. 

3.  The  two  components  form  an  ordered  solid  phase  M'  M"  without 

m  n 

mutual  solution.  In  this  case,  the  reaction  continues  until  one  of 
the  initial  components  has  disappeared.  These  reaction  types  are  par¬ 
ticularly  common  In  metallic  systesis. 

B.  Reactions  of  M'X'  with  M"X’  (and  also  between  M'X'  and  M'X"). 
The  same  reaction  types  as  in  case  A  are  also  possible  in  this  case. 
Table  31  shows  the  simplest  types  of  reactions  classified  here.  An  X 

I 

must  be  assigned  to  each  M,  but  the  symbol  has  been  dropped  here  to 
abbreviate  the  notation.  Reactions  of  the  type  M'X'  with  M'X"  proceed 
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in  txaetly  th«  saaw  way. 

C.  RMOtldna  of  N'X*  with  N"Z”. 

1.  All  eonpononts  (N'X*}  N"X"2  N'X”;  M”X')  fora  solid  solutions 
with  unlimited  solubility}  hero  we  asy  distinguish  two  esses  or  kinds 
of  these  proeessest  . 

s)  the  nobilities  of  the  snions  snd  estions  do  not  differ  greatly} 

b)  the  nobilities  of  the  anions  and  cations  differ  greatly.  Here, 
the  anions  moet  frequently  have  nobilities  lower  than  those  of  the 
cations.  In  this  ease,  an  X'-phase  and  an  X''«phase  between  which  the 
M*  and  M”  are  distributed  are  observed  to  fom. 

2.  M'X*  and  M"!"  do  not  fom  solid  solutions,  as  was  the  ease 
with  M'X'  versus  M''X'  and  M'X"  versus  M^X”.  In  this  case,  the  reae* 
tion  is  slnilar  to  that  describe  above  (B) . 

3*  M'X'  and  M"X''  do  not  fora  solid  solutions  and  only  one  of  the 
reaction  products  forms  a  solid  solution  with  one  of  the  initial  sub¬ 
stances,  for  exanple,  N^X*  with  M'X'.  The  process  is  further  dis¬ 
tinguished  by  unlike  mobilities  of  the  various  particles. 

In  cases  where  M'  and  M”  are  more  mobile  (which  is  most  frequent¬ 
ly  the  case),  we  have  only  minor  distribution  of  M'  and  N"  at  first  on 
the  boundary  between  the  two  phases;  then  M"  diffuses  into  M'X'  with 
formation  of  a  solid  solution  (M'M")  X'.  A  thin  layer  of  M'X"  forms 
between  this  solid  solution  and  the  coispound  M"X' .  When  solution  of 
M"  is  complete,  the  reaction  stops.  The  reaction's  progress  is  repre¬ 
sented  in. Table  31 > 

4.  M'X'  and  M"X"  and  the  reaction  products  fora  no  solid  solutims 
Here,  either  of  two  eases  may  occur: 

a)  M'  and  M”  are  more  mobile.  In  this  ease,  the  M'  and  M"  are  dis¬ 
tributed  on  the  interface  surfaces,  with  a  layer  of  M"X'  forming  on 
M'X'  and  a  layer  of  M'X"  forming  on  M"X".  Thus,  we  obtain  layers  of 


M'X',  M'X"  and 

b)  X'  and  X"  are  more  mobile.  In  this  case,  as  described  under 
item  a),  layers  of  M'X‘,  M'X",  M"X'  and  M"X"  fora. 

The  process  path  In  which  both  M  and  X  possess  sl^lflcant  mo¬ 
bilities,  which  Is  rarely  encountered  In  practice.  Is  considerably 
more  c<»iplex.  The  course  of  the  processes  listed  is  represented 
schematically  In  Table  31. 

•  TABLE  31 

Simple  Cases  of  Interaction  Between  M*  and 
M"  (qualitative  representation) 


T  SjCucpccmt  iup-  Iti 


KCMifUmipiilui  h 
llptftt  ffaviuu. 


. C  -  ■  , 


ccmSap 


ntyfCmj'df-  -.-J  -r. 


fjftuu  S  H'u  M 


tru.'  "t |_  Him  nett 

GiiS  I  [Z'lrl 

(ifanKtimpoiuit 


p 


ifyjuu  M'i  M' 


yomn^paemtif 

toifiQiwmm9i 


[V>»W  1 

Ji.aicLimii ! 

H 


VyicminepoiiM 


IZIZ) 


n^TTrl 


Qtaa 


Letniiie 


1)  M'  and  M"  form  a  solid  solution  with 
unlimited  solubility;  a)  rates  of  diffu¬ 
sion  into  M*  and  M"  closely  similar;  b) 
rate  of  diffusion  of  M”  into  M*  very  low; 

2)  M'  and  M"  form  solid  solutions  with 

limited  solubility;  3)  M*  and  M”  do  not 
form  a  solid  solution  but  yield  a  com¬ 
pound  A)  At  start  of  reaction; 

B)  concentration  distribution  during  re¬ 
action;  C)  final  state;  D)  concentration; 
E)  solid  solution  (M*,  M")  of  variable 
composition;  F)  homogeneous  solid  solu¬ 
tion  (M',  M");  0)  nearly  pure  M'  +  solid 
solution  (m*,  M");  H)  same  as  I;  I)  solid 
solution  of  I  and  II;  J)  solid  solution 
(M',  M")  I  and  solid  solution  (M*,  M")  II 
(quantity  of  one  phase  may  be  •  0;  K) 
three  phases:  M',  M"  and  L)  pure 

component  M*  +  compound. 
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5*  Depending  on  how  oaso  B  proeaoda  tram  east  k,  wo  nay  aceord- 
Ingly  Indieata  tha  aehoM  for  caaaa  C  in  a  B»ra  ganaral  fora,  going 

ovar  froa  M'X*  -i-  N”X”  •  ll*X*  *  N'X”  to  tha  aehaaa  N'X*0  4  N'^”0  • 

•  ■"  * 

•  N”X'0  4  N'X''0,  and  80  forth. 

Toat  eorraetly  ragarda  it  aa  naeaaaary  to  taka  tha  diagraa  of 
stata  or  a  ayataa  into  aeeount  in  aaaigning  it  to  a  givon  elaaa. 

Howavar,  as  wa  eonaidar  tha  classification  tables  of  Tost  [2l8)» 
ona  of  which  is  shown  hara,  wa  nay  nota  tha  following  circunstancasx 

1)  a  considarabla  part  of  his  classification  is  davotad  to  pro> 
cassas  in  which  solid  solutions  fom  snd  is  not  concamad  with  tha 
chaniCal  reactions j 

2)  the  diffaranca  between  the  mobilities  of  M*,  M*  and  X'»  X”» 
which  Tost  takes  into  aeeount »  has  no  assent isl  effect  on  the  nature 
of  the  process  and  the  phenosMna  eonpoaing  it. 

The  field  of  application  of  this  elassifieation  is  limited  chief¬ 
ly  to  metallurgical  processes.  Generalisation  and  more  or  lass  de¬ 
tailed  subdivision  of  many  other  "sol id- phase”  processes  on  the  basis 
of  this  classification  is  impossible. 

Roginskiy  (381],  who  studied  topochenical  reactions,  proposed 
that  they  be  classified  after  the  following  scheme. 

I.  Reactions  in  which  a  crystalline  solid  decomposes  into  gaseous 
products. 

II.  Reactions  in  which  crystals  form  from  a  homogeneous  (gaseous 
or  liquid)  phase. 

III.  Topochemical  reactions  in  tha  narrow  smsa  of  the  word, 
which  are  characterised  by  the  presence  of  solids  in  both  the  initial 
components  and  in  the  reaction  products. 

In  this  scheme,  the  actual  "solid-phasa”  rametieu  comprise  those 
of  class  III,  but  reactions  of  classes  1  and  32  jmj  be  cospenant  parts 


In  class  III  processes.  As  Roglnskly  points  out.  reactions  of  class  HI 
are  widely  diversified  as  regards  their  chemical  nature.  They  incor¬ 
porate  a  broad  range  of  processes,  extending  from  allotropic  trans¬ 
formations  and  decay  or  formation  of  compounds  of  the  crystal- hydrate 
or  ammpniate  types  (for  which  there  is  no  reason  to  expect  the  presence 
of  a  chemical  heat  of  activation)  to  reactions  of  the  type  in  which 
oxides  and  sulfides  are  z*educed  and  salts  with  complex  anions  decosi- 
pose.  i.e..  to  reactions  accompanied  by  profound  chemical  transfoirma- 
tions  (for  which  we  might  expect  the  presence  of  a  rather  large  tz*ue 
heat  of  activation). 

A  characteristic  property  of  this  class  of  reactions  is  the  co¬ 
existence  of  at  least  two  solid  phases. 

The  important  classification  principle  delineated  by  Roginskiy 
has  been  used  more  than  once  by  other,  later  Investigators. 

Expanding  Roginskiy 's  classification  somewhat  and  supplementing 
it.  Garner  [23.  262]  classifies  reactions  taking  place  with  partici¬ 
pation  of  solids  in  the  following  manner: 

1)  reactions  that  do  not  Involve  reconstruction  of  a  crystal 
lattice,  i.e..  that  take  place  without  changes  in  the  solid  phase,  in¬ 
cluding 

a)  reactions  in  which  the  product  yielded  forms  a  solid  solution 
with  an  initial  reagent  and 

b)  reactions  of  chemosorption  at  the  surface  of  the  solid; 

2)  reactions  that  Incorporate  a  single  crystallization  step;  these 
include  reactions  of  gases  with  formation  of  solids  and  formation  of 
solids  by  reactions  in  solutions; 

3)  reactions  in  which  destruction  of  a  crystal  lattice  takes 
place,  e.g.,  the  processes  in  which  mercuric  oxide,  potassium  azide, 
and  t!^e  like  decompose,  in  which  the  solid  phase  vanishes  completely. 
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yielding  gastoui  produotsf 

4)  r«ietlont  in  which  both  dostruetlon  and  fornatlon  oif  a  eryatal 
lattice  take  place}  theae  reactlona,  which  BMke  up  an  extreaeiy- extMi- 
alve  claaa*  Include,  aa  noted  by  Oamer,  the  following  typeat 

a)  Aj.  -f  gaa, 

e.g.,  the  deeonpoaltlon  of  photographlo  ewulalon  on  eiqpoaure  to 
light} 

»)  *t  -  »t  ♦  ®t' 

e.g.,  decowpoaltlon  of  silver  aeetellde,  and 

®)  ®t  ®t* 

e.g.,  the  formation  of  spinel  from  an  oxide  mixture. 

Type  "4e"  apparently  implies  a  broad  range  of  Intersolld  reac¬ 
tions  that  are  greatly  diversified  as  regards  nature  and  mechanism. 

At  the  same  time,  a  detailed  classification  of  precisely  these  reac¬ 
tions  would  naturally  be  of •  great  Interest. 

On  the  whole,  this  list  stakes  out  a  rational  classification 
principle,  but  It  falls  to  Incorporate  a  number  of  transformations 
that  take  place  In  the  region  under  consideration,  such  as  A,,  -t-  B. 

^  ABg,  A^  4  -•  AB^,  and  others. 

According  to  Khyuttlng  [382],  who  published.  In  1941,  s  general¬ 
izing  classification  for  chemical  reactions,  devoting  considerable 
space  to  transformations  that  take  place  with  participation  of  solids, 
these  reactions  are  cover>ed  by  five  classes,  each  of  which  is  divided 
Into  a  large  nusber  of  subclasses,  which.  In  turn,  unify  an  exceeding¬ 
ly  large  number  of  species  and  varieties  ( subspecies)  of  reactions. 

The  number  of  reaction  species  (which  are  further  classified 
Into  subspecies)  In  certain  subclasses  of  Khyuttlng 's  classification 
la  greater  than  100.  This  last  clrcumatanee  makes  It  difficult  to  set 
forth  his  classification  In  any  detail  and  obliges  us  to  restrict 
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ourselves  to  s  brief  characterization  of  some  of  its  feattirea. 

Khyutting  selected  the  number  of  "component  parts"  in  the  reae- 
tion  system  as  the  basic  starting  criterion  for  classifying  a  proeesii* 
in  a  given  class. 

Thus«  the  soda* production  process,  which  is  expressed  by  the  -  • 

overman  reaction 

NajSO,  +  4C  +  CiiCO,  *  Na,C(),  +  CaS  + -ICO, 

is  classified  by  Khyutting  in  class  V  of  his  systematization  because 
he  discerns  in  this  process  five  component  parts: 

I«Na,  II-S.  lll=:>0.  IV-C  H  V*-Ca. 

Khyutting  assigns  this  process  to  the  species  represented  by  the 
scheme 

ABC,  -i-  D,  +  £DC,-*  ADC,  +  EB,-^  DC,. 


In  actuality,  the  equation  given  above  expresses  only  the  overw 
all  result  of  a  number  of  reactions  that  actually  take  place  in  the 
process  under  consideration,  so  that  it  is  difficult  to  assign  it  to 
a  given  class  on  the  basis  of  this  equation.  Actually,  we  have  other 
reactions  here  that  should  be  classified. 

Similar  considerations  arise  in  connection  with  assignment  of  the 
majority  of  other  processes  to  classes  III,  IV  and  V. 

As  concerns  the  reaction  species  (of  reactions  in  which  solids 
participate)  Khyutting 's  classification,  which  recognizes  several 
hundred  of  them,  distinguishes  them  from  one  another  by  the  physical 
state  of  the  initial  components  and  the  final  reaction  products. 

For  example,  subspecies  are  characterized  by  different  physical 
states  of  the  intermediate  reaction  products. 

It  should  be  noted  that  according  to  the  classification  principle||^ 
adopted  by  Khyutting,  processes  that  have  only  the  same  number  of 
"component  parts"  in  their  over-all  equations  in  common  are  assigned 


-  310 


to  ttM  suae  clast.  This  la  what  raatrleta  the  author  In  aubatquont 
olaaaif lest Ion.  Thus,  subelasa  (•ubatltutim  roaetiona)  of  class 
XIX  In  his  classification  enconpaasss  89  different  reaction  spocles* 
such  as  the  followlngt 

\.ab,  +  c,^AC’^B, 

(example  :  CuO). 

-  3.  AB,  +  C,-*AC,  +  S, 

•  ,  (exaiap  e  j  2SO,-3Ili{t).uip-j  il|{J}--*^2SO^-3HgO'Hgj,  {-2H/)). 

13.  AB,  +  C,-*AC,  +  B, 

•  (l-eO  +  C^CO  +  Pe). 

38.  >4d.,  +  C,-».AC;  +  B; 

(HjSO,-}-2K->-K,SO.  +  H,  in  the  absence  of  water). 

43.  + 

(•3FojO|  +  Hj  -►  HiOata-f-  2Pe/>.). 

51.  AB^  -J-  ^ 

(PbS,., 

•JtM.  +  Fe-^FeS  +  Pb). 

52.  ABfi  +  Cu  -► 

71.  -f- C. -F 

{CaJjH******- "F  Cl CaClI  ^  J). 

Thus,  this  subclass  combines  reactions  that  take  place  by  eexs- 
pletely  different  routes  (e.g.,  reactions  1  and  52,  3  and  71,  and  so 
forth)  and,  as  Is  easily  imagined,  are  subject  to  different  kinetic 

laws. 

Together  with  this,  we  may  find  reactions  that  are  closely  simi¬ 
lar  in  nature  assigned  to  different  classes  of  this  system,  e.g..  In 
classes  II,  III  and  IV. 

We  are  Indebted  to  Khyuttlng  for  a  highly  detailed  list  and  a 
broad  generalization  of  all  conceivable  reaction  varieties.  However, 
the  above  peculiarities  of  his  classification  limit  the  possibility 
of  aiq>lylng  It. 

We  have  now  set  forth  the  basic  studies  toward  classification  of 
reactions  that  take  place  with  participation  of  solids.  It  Is  readily 
observed  that  these  classifications  differ  greatly  from  one  another. 
This  difference  Is  due  primarily  to  the  different  objectives  that  the 


various  authors  had  in  mind  In  their  work. 

Thus«  Myuller>  pursuing  technological  objectives,  considered 
that  processes  of  a  given  type  should  have  approximately  the  sam 
technological-apparatus  formulation.  Qarner  took  It  upon  himself  to 
develop  the  fundamental  Ideas  of  Roglnskiy  In  application  to  solid- 
phase  processes,  but  did  not  go  into  a  detailed  classification  there¬ 
of.  Yander's  objective  was  to  group  solid-phase  reactions  In  aceor^ 
dance  with  similarities  In  chemical  mechanism.  Yost  felt  it  necessary 
to  devote  his  basic  attention  to  the  presence  and  natui^e  of  solid 
solutions  In  solid-phase  systems.  And,  finally,  Khyuttlng  attempted 
to  give  cm  exhaustive  list  of  all  possible  reaction  varieties,  taking 
Into  account  primarily  the  number  of  "component  parts"  In  the  inac¬ 
tion  mixture,  then  the  physical  state  of  the  substances,  and  so  forth. 

Each  of  the  studies  described  above  solves  only  certain  particu¬ 
lar  problems  connected  with  classification  of  reactions  In  solid  mix¬ 
tures.  As  a  result,  it  will  also  be  advisable  to  devote  brief  con¬ 
sideration  to  certain  other  classification  principles  for  these  reac¬ 
tions. 

Thus,  employing  the  conventional  system  of  general  chemistry, 
we  may  classify  reactions  in  solids  primarily  on  the  basis  of  the 
chemical  elements  that  form  the  c^stalllne  reagents  and  products. 

Here,  It  Is  obvious  that  the  reactions  of  which  we  are  speaking  will 
be  broken  up  Into  groups  In  accordance  with  the  formation  of  compounds 
of  alkali  and  alkaline- earth  metals,  copper,  zinc,  cadmium,  lead,  tin. 
Iron,  aluminum  cobalt,  nickel,  titanium  and  other  metals.  The  reactions 
of  the  oxides  of  the  corresponding  metals  with  other  substances  will";, 
occupy  a  prime  position  here.  ' 

We  may  also  distinguish  between  reactions  in  vlilch  such  compounds 
as  oxides  (metal  +  oxygen),  sulfides  and  siOfates  (metal  -t-  sulfur), 
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•llleatti  (iMtal  -f  silleon)*  and  so  forth,  form  and  react  with  other 
auhataneea.. 

Approximately  the  same  system  Is  used  In  the  work  of  Budnikov 
and  Bereshnoy  [1],  and,  to  some  extent.  In  the  present  monograph. 

Thla  system  may  be  supplemented  by  a  classification  of  reactions 
In  solids  on  the  basis  of  other  criteria. 

Thus,  Xhauffe  [260]  classifies  the  reactions  considered  In  hla 
monograph  in  the  following  smnnert 

A  +  *  “  solid 

A  +  B,-*^  +  0,:  r  ■  gas 

A  4"  Bf  **  C, 

A  +  A-c,+fi».* 

A"*'C',  + A* 

It  should  be  noted  that  the  agreement  between  the  numbers  of 


reaction  types  of  Interest  to  us  In  the  classifications  of  Khauffe 
and  Hyullsr  Is  accidental:  only  certain  types  of  Khauffe 's  classifi¬ 
cation  and  class  I  of  Kyuller's  classification  are  identical. 

Use  of  modern  physicochemical  conceptions  as  to  heterogeneous 
processes  would  be  most  useful  in  classification  of  reactions  In 
solid  mixtures. 


As  we  know,  contemporary  theory  of  heterogeneous  chemical  pro¬ 
cesses  tends  to  classify  and  generalize  them  on  the  basis  of  criteria 
that  determine  the  basic  laws  governing  their  progress. 

Prom  this  standpoint,  the  most  Important  thing  is  to  find  criteria 
for  such  physicochemical  similarity  or  dissimilarity  between  specific 
"solid-phase”  processes  that  would  then  enable  us  to  give  a  more  or 
less  exact  description  of  their  mechanism  and  kinetics  in  tenis  of 
certain  correspondingly  general  [similar]  or  dissimilar  expressions. 


The  reasoning  set  forth  above  (pages  16&.193)  may  .serve  as  a  ■ 
basis  for  such  a  generalization  and  differentiation  of  tha  reactions 
studied. 

It  would  appear  expedient  to  classify  the  processes  that  take 
place  on  heating  of  mixtures  of  crystalline  reagents  into  the  follow, 
ing. prime  groups  [234]: 

1)  processes  In  which  particles  of  the  solid  react  directly  with 
one  anotherj 

2)  processes  that  take  place  with  participation  of  a  gaseous 
phase; 

3)  processes  that  take  place  with  participation  of  liquid  phases 

4)  processes  that  take  place  with  simultaneous  participation  of 
gaseous  and  liquid  phases. 

Table  17  and  the  diagrams  presented  above  (pages  194*196)  may  be 
employed  for  subsequent  classification  of  reactions  that  take  place 
on  heating  of  mixed  crystalline  solids.  Actually,  it  is  easy  to  ecm- 
ceive  of  a  fundamental  difference,  for  example,  between  the  following 
two  reaction  types  that  occur  in  solid  mixtures  and  are  represented 
by  these  tables: 

IV  —  reaction  with  the  participation  of  a  gaseous  phase  that 
arises  as  a  result  of  dissociation  of  one  of  the. reagents  (page  197) 
and 

XII  —  reaction  with  participation  of  a  liquid  phase  that  arises 
as  a  result  of  melting  of  one  of  the  reagents  in  a  mixture  with  an 
inert  material  (page 202  )  .  , 

•  • 

In  the  former  case,  the  process  may  be  subject  to  the  laws 
goveraing  dissociation,  and  in  the  second  it  may  depend  on  the  type 
of  fusibility  curve  and  the  laws  governing  fusion  of  the  reagent-and- 
Inert-material  system. 
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Ltt  us  turn  our  sttsntlon  to  the  classlflestion  prineiplof  bassd 
^on  ths  erlttrls  that  dstamins  tha  kinetics  of  these  reaetlona  (383]. 
As  was  shown  earlier,  the  kinetics  of  such  reactions  nay  be  e3q>ressed 
by  one  or  another  relatively  sls^le  or  conplex  equation  that  takes 
Into  account  the  part  takMi  by  all  phenomena  ( "elementary  processes") 
that  determine  the  rate  of  the  pz^esa. 

A  very  large  number  of  combinations  of  these  phenomena  la  the* 
oretlcally  conceivable.  However,  the  overwhelming  majority  of  real 
processes  that  take  place  on  heating  of  crystalline  mixtures  and 
present  practical  Interest  may  be  examined  without  Incurring  any  es¬ 
sential  error  as  relatively  simple  processes  that  are  subject  accord¬ 
ingly  to  the  laws  governing  the  progress  of  some  single  simple  phenosi- 
enon  that  limits  the  process  or  two  such  phenomena. 

The  latter  may  serve  as  a  basis  for  description  and  classifica¬ 
tion  of  the  processes  under  consideration  on  the  basis  of  this  cri¬ 
terion,  since  Its  nuln  task  should  be  to  generalize  and  classify  reac¬ 
tions  that  are  of  practical  Importance.  On  this  basis,  we  may  map  out 
the  four  most  Important  large  classes  of  reactions  taking  place  in 
adxturea  of  solids: 

I)  those  limited  by  the  rate  of  the  chemical  reaction  Itself; 

II)  those  limited  by  the  diffusion  rate; 

III)  those  limited  by  the  rate  of  chemical  reaction  and  dif¬ 
fusion  simultaneously; 

IV)  those  limited  by  the  rate  of  vaporisation  or  sublimation. 

Many  processes  In  which  the  part  taken  by  physical  phenoawna  la 

Insignificant  because  of  the  low  rate  of  the  actual  chemical  reaction. 
Insignificant  thickness  of  the  diffusion  layer,  hlf^  diffusion- 
coefficient  values,  and  other  similar  causes  belong  to  class  I  of  this 
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Any  of  the  following  five  phenomena,  which  define,  respectively, 
five  subclasses  among  processes  of  this  class  are  possible  among  the 
reactions  of  class  1:  ' 

1)  first-order  reaction; 

2)  second- order  reaction; 

3)  reaction  of  the  reagents  at  constant  concentration,  as  well 
as  zeroth- order  reaction; 

4)  autocat^lytlc  reaction; 

3)  several  successive  reactions. 

Subclass  1  of  this  class  includes,  for  example,  the  dissociation 
reactions  that  are  major  factors  In  many  processes  that  take  place  on 
heating  of  crystalline  reagents. 

Subclass  2  Includes,  in  addition  to  many  other  processes,  reac¬ 
tions  between  certain  oxides  that  are  of  Importance  in  silicate  tech¬ 
nology. 

Subclass  3  Includes  reactions  between  two  solids  and  between  a 
solid  and  a  liquid  with  the  latter  at  constant  concentration  (as 
governed,  for  example,  by  the  composition  of  the  system  that  melts 
at  the  process  temperature),  and  so  forth. 

Class  II  encompasses  the  majority  of  the  so-called  solid-phase 
processes,  which  Involve  the  emergence  of  a  rather  significant  dif¬ 
fusion  layer  of  reaction  product  on  the  grains  of  a  reagent.  If,  In 
the  latter  case,  the  rates  of  the  reaction  proper  and  of  diffusion 
are  coiqparable  (sufficiently  close  to  one  another),  the  process  be¬ 
longs  to  class  III. 

Class  IV  unifies  certain  processes  In  which  spinels,  sulfides 
and  other  compounds  form  and  which  are  limited  by  vaporization  or  aub- 
llmatlon  of  some  substance.  Many  processes  In  which  a  basic  oxide  re¬ 
acts  with  an  acid  oxide  —  those  studied  by  Yander  [219-222]  ->  would 
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appartntly  belong  to  this  olsst,  snong  others. 

Thus,  prooeedlng  frosi  the  principle  described,  we  nsy  classify 
all  solid  reactions  that  have  practical  significance. 

Here,  it  is  necessary  to  remenber  that  in  accordance -with  the 
above,  a  given  chemical  transformation  in  a  mixture  of  solid  sub-^’y 
stances  nay  be  assigned  to  different  classes  of  the  above  system  at 
different  stages  of  its  progress,  depending  on  the  relation  between 
the  values  of  the  various  resistances  to  the  process.  Obviously,  for 
exaicple,  certain  processes  accoiqpanled  by  the  emergence  of  a  diffusi<m 
product  layer  and  belonging  to  class  I  or  IV  in  their  Initial  stage 
become  class  II  or  III  processes  when  the  diffusion  resistance  attains 
a  certain  value. 

This  gives  rise  to  certain  difficulties  when  the  classification' 
principle  set  forth  here  Is  applied;  this  Is  what  constitutes  its 
shortcoming. 

Naturally,  certain  difficulties  may  also  arise  In  generalization 
and  differentiation  of  reactions  on  the  basis  of  the  criteria  deters 
mining  their  mechanisms:  It  Is  much  easier  to  Indicate  the  number  of 
"component  parts"  or  the  chemical  nature  of  the  materials  participat¬ 
ing  In  a  reaction  than  to  characterize  Its  mechanism  or  kinetics. 

However,  use  of  either  of  the  last  two  criteria  obliges  the  in¬ 
vestigator  to  pay  careful  attention  to  the  essential  nature  of  the  re¬ 
action  In  which  he  is  Interested  and  the  laws  governing  It  before  as¬ 
signing  It  to  a  given  class,  or  makes  It  possible,  knowing  the  class 
of  the  reaction,  to  form  a  Judgment  as  to  Ita  mechanism  and  kinetics 
and  formulate  the  qualitative  laws  controlling  this  reaction.  Hie 
latter  facilitates  further  study  of  the  reaction  and  the  factors  that 
influence  its  rate  and  the  composition  of  its  products.  Here  lies  the 
basic  Importance  of  reaction  classification  on  tbe  basis  of  the  crl- 
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terla  that  determine  their  mechanism  and  kinetics. 
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[IdLst  Of  Transliterated  SymibolB] 


311  nap  »  par  «  par  «  vapor 

311  pacnnasji  -  rasplavl  -  rasplavlennyy  -  fused 


•Chapter  7 

INFLUENCE  OP  BASIC  CONDITIONS  OF  PROCESS  PLOW  ON  ITS.  RATE 
$1 .  ORANULONEIRIC  COMPOSITION  OP  MIXTURE 

The  problem  of  the  most  efficient  grmnul(»ietrlc  coiqpoeltlon  of 
the  initial  charge,  or.  In  other  words,  the  necessary  uniformity  (or 
nonuniformity)  and  the  extent  to  which  its  coiqponents  must  be  ground, 
is  one  ol*  the  most  ancient  problems  of  the  theory  of  solld-stste  reae« 
tlons  and  the  technology  of  producing  structural,  refractory  and  cer¬ 
tain  other  materials.  In  addition  to  this,  it  is  a  pressing  problem 
and  will  remain  so  for  a  long  time  to  come,  since  the  methods  and 
correctness  of  its  solution  determine  the  rate,  economy  and  results  of 
many  Industrial  processes  [49*  293*  296,  384-386  and  others]. 

Examlnatlcm  of  this  problem  is  particularly  appropriate  at  Just 
this  moment  in  connection  with  the  broad  prospects  that  are  being 
opened  by  the  develoimient  of  new,  highly  efficient  methods  for  grind¬ 
ing  materials  (vibration  milling*  etc.). 

Without  pretending  that  it  will  represent  an  exhaustive  illumina¬ 
tion  of  this  problem,  the  authors  set  out  here  to  treat  only  certain 
aspects  of  it. 

A  rather  large  list  of  studies  has  been  devoted  to  the  granulo¬ 
metric  composition  of  crystalline  solids  in  connection  with  processes 
that  take  place  when  mixtures  of  them  are  heated.  These  papers  examine 
to  one  degree  of  thoroughness  or  another  the  influence  of  grain  com¬ 
position  In  the  initial  caagxxkents  on  the  rate  of  the  process  in 
which  they  undergo  chemical  transformation  [1,  231  >  3^6,  384  and  many 
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others]  and  the  influence  of  the  heat- exchange  process  with  the  sur¬ 
rounding  medium  [28,  387-390]  on  properties  such  as  the  porosity  of 
products  of  roasting  [49,  296]  and  the  like. 

The  uniformity  and  fineness  with  which  the  cirystalllne  reagents 
are  found  Influence  the  following  parameters  of  "solid-phase"  and  = 
other  processes:  • 

1)  the  surface  area  and  surface  energy  of  the  granules; 

2)  the  temperature,  heat  of  fusion,  and  heat  of  solution; 

3)  the  Intensity  of  heat  exchange  with  the  surrounding  medium; 

4)  the  rate  of  solution,  sublimation,  dissociation  and  chemical 
reaction  with  the  other  reagents; 

5)  the  thickness  of  the  product  layer  that  forms  on  the  granules 
during  the  chemical  reaction  and  the  rate  of  diffusion  through  it, 
which  Is  governed  by  this  thickness; 

6)  the  properties  of  the  crystalline  reaction  properties  — 
physlcomechanlcal,  themal,  electrical  and  others; 

7)  the  behavior  (effectiveness)  of  reaction  accelerators  for 
intersolid  reactions; 

8)  the  economics  of  the  process. 

The  above  list  Is  sufficient  to  give  an  Impression  of  the  Im¬ 
portance  of  Judgment  In  selecting  the  granulometric  composition  of 
solid  mixtures  for  conversion  processes  to  be  carried  out  under  prac¬ 
tical  conditions.* 

Obviously,  the  kinetics  of  reactions  In  solids  are  determined 
primarily  by  the  first,  fourth  and  fifth  of  the  parameters  listed 
above. 

It  is  a  generally  known  fact  that,  all  other  conditions  the  same, 
the  rate  of  a  heterogeneous  reaction  between  substances  Is  proportion¬ 
al  to  the  area  of  the  contact  surface  between  the  reacting  phases. 
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Zn  th*  cas*  of  reaction  In  a  mixture  of  eryatalline  reagenta,  thla 
area  la  not  neeeaaarlly  Identical  to  the  area  of  direct  contact  between 
their  granulea.  Aa  waa  ahown  earlier  ($4  of  Chapter  1),  the  latter  la 
neaaured  In' mllllontha  or,  more  often.  In  ten«mllllontha  of  their 
total  aurface  and  accordingly  repreaenta  a  negligible  quantity.  When 
the  proceaa  of  a  reaction  between  granulea  of  cryatalllne  reagenta 
takea  place  In  the  preaence  of  a  liquid  or  gaaeoua  phaae  ~  a  altuatlon 
that  we  e<Mne  up  agalnat  repeatedly  under  Induatrial  eondltlona  (pagea 
188.208),  the  reaetlon.aurface  area  at  the  beginning  of  the  reaction 
la  equal  to  or  nearly  equal  to  the  total  grain. surface  area  of  one  of 
the  reagenta  and,  subsequently,  maintains  a  size  of  the  same  order  at 
degrees  of  conversion  markedly  lower  than  lOOjt.  To  accelerate  such  a 
process.  It  la,  of  course,  advisable  to  break  up  the  total  grain  sur. 
face  of  the  appropriate  reagent  by  reducing  grain  size. 

In  many  cases,  reducing  grain  size  also  results  in  an  Increase  in 
the  process  rate  as  a  result  of  a  change  in  the  thickness  of  the  reac. 
t Ion. product  diffusion  layer. 

But  what,  in  general,  is  the  link  between  the  rate  or  degree  of 
a  physical,  physicochemical,  or  chemical  transformation  of  a  solid 
mixture  and  the  size  of  Its  grains? 

The  nature  of  this  connection  depends  on  the  kind,  mechanism  and 
kinetics  of  the  conversion  process.  This  link  may  naturally  be  differ, 
ent  for  processes  of  recrystallization,  sintering,  sublimation,  fusing 
and  chemical  transformation. 

Zt  was  ahown  above  that  the  kinetics  of  reactlms  In  mixtures  of 
solids  Is  rather  complex  and  multi. faceted.  It  Is  determined  in  each 

■9 

specific  case  by  the  laws  governing  the  rate  variation  of  the  limiting 
stage  of  the  process  and  depends  on  the  mechanism  and  conditions  of 
the  reaction’s  progress.  In  principle,  stages  whose  rate  limits  the 
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over-all  process  rate  may  be  sublimation,  the  chemical  x*eactlon  proper, 
external  and  Internal  diffusion,  ana  others.  Since  the  relationship 
between  the  values  of  the  resistances  to  Its  various  stages  may  change 
as  the  process  advances,  fundamental  changes  in  its  kinetics  over  time 
are  possible  (page  288). 

In  the  overwhelming  majority  of  practical  cases,  the  rates  of 
reactions  In  solid  mixtures  are  limited  by  the  rate  of  internal  dif¬ 
fusion  of  at  least  one  of  the  reagents  toward  the  reaction  zone  through 
a  layer  of  product  formed  on  the  grains  of  some  reagent,  l.e.,  the 
kinetics  of  the  process  is  dlffusional. 

Here,  for  mixtures  in  which  the  component  "coated"  by  product  Is 
monodlsperse  or  nearly  so,  the  kinetics  of  the  process  may  be  de¬ 
scribed  by  Equation  [151],  in  which  R  is  the  initial  grain  radius  of 
the  "coated"  component  and  t  is  time. 

With  small  values  of  the  fraction  Q  of  the  "coated"  component 
that  has  reacted.  Equation  (151)  assumes  the  form 


(181) 


C*  ac  — t. 

^  (I8la) 

When  0  <  0.1,  the  difference  between  the  results  of  calculations  by 
Equations  (15I)  and  (l8la)  does  not  exceed 

Thus,  the  function  1(G)  of  degree  of  conversion  of  the  "coated" 
reagent  Into  the  product  Is  Inversely  proportional  to  the  square  of 
the  grain  radius  of  this  reagent.  However,  the  dependence  of  Its  de¬ 
gree  of  conversion  0  on  the  grain  size  Is  more  c<»nplex. 

At  the  beginning  of  the  diffusion  region,  when  Q  <  0.2,  the  de- 

1 

gree  of  conversion  of  the  granules  may  be  assumed  in  approximation  In¬ 
versely  proportional  to  their  radius.  Using  a  dlagnsm  of  degree  of  con- 
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varslon  0  vs.  ths  logsrlthn  of 
the  nogstivo  sign  (Pig.  76)  (391)*. *• 
may  sssily  eos^ute  that,  whan  tha  da- 
graa  of  oonvarsion  of  grains  of  radius; 
R  •  1  is  20%,  grains  of  radii  2,  3  and 
4  ara  eonvartad  into  tha  product  to 
10,  6.8  and  5*2%,  raspactivaly,  i.a., 
to  dagraas  smaller  by  factors  of  2, 
approximately  3  and  4.  As  tha  process 
develops  further,  the  situation 
changes  and,  for  example,  at  the  point  in  time  when  the  degree  of  con¬ 
version  of  grains  of  radius  R  «  1  reaches  lOOJt,  grains  of  radii  2,  3 
and  4  have  been  converted  -70,  30  and  40}(  into  product,  respectively. 

It  should  be  noted  that  at  such  relatively  high  degrees  of  conversion, 
the  thickness  of  the  product  diffusion  layer  makes  up  a  relatively 
small  fraction  of  the  grain  radius  of  the  "coated"  reagent,  and  from 
this  standpoint  the  Indicated  conversion- percentage  values  are  rela¬ 
tively  small.  Let  us  use  Expression  (130)  to  calculate  the  proportions 
that  apply  here.  Using  this  expression,  it  is  easy  to  find  the  follow¬ 
ing  values  of  x/R  for  various  values  of  0: 


-j - ; - 

0  N  CANiranii  .... 

•  •  «  • 

0,1 

0.2 

0.3 

|o.4 

0.9 

1  0.6 

X  •  %  n  R . 

4 

7.S 

11.0 

1  " 

.20.3 

^  .e.s 

t 

0  }  SMM  CaMWWI  .  •  . 

0.7 

0.0 

0.879 

”1 

o.« 

o.» 

t 

X  M  %  m  R . 

».* 

42.S 

90 

93,0 

63.2 

73 

100 

1)  a  in  fractions  of  unity;  2)  x  in  of  R. 

Obviously,  when  20-30^  of  the  "coated"  reagent  has  been  con- 
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Pig.  76.  Logarithm  of  I  as  a 
function  of  0. 


verted,  the  thickness  of  the  product  layer  on  Its,  grains  will  amount 
to  only  ~7-10ji  of  their  radius.  It  reaches  0.5R  when  the  reaction  has 
gone  almost  to  88jt. 

These  data,  which  correspond  to  the  law  of  distribution  of  matter 
In  spherical  bodies  (of  which  Strelkov  [392]  wrote  in  his  time),  en¬ 
able  us  to  compare  the  values  of  x  In  the  examples  given  above.  Thus, 
when  the  thickness  of  product  layer  on  a  grain  of  unit  radius  reaches 
100^,  it  is  only  about  2056R  on  a  gialn  having  a  radius  three  times 
larger. 

This  circumstance  must  be  taken  Into  account  In  comparing  probable 
results  of  a  process  not  only  In  Different  reaction  mixtures  (mixtures 
with  the  components  ground  fine  to  different  degrees),  but  also  In 
different  fractions  of  a  given  mixture. 

Indeed,  In  grinding  raw  materla.1  in  Industry,  e.g.,  in  grinding 
cement  to  screen  residues  of  0.2  to  C.5%  on  a  screen  with  $00  holes 

p 

per  1  cm  (No.  200)  and  from  5  to  on  a  screen  with  ^900  holes  per 

p 

1  cm  (No.  90),  the  raw  mixture  contains  grains  with  sizes  ranging 
from  1  to  200  m..  Here,  approximately  50$^  of  the  mixture  weight  Is 
made  up  of  grains  having  diameters  over  50  M-  and  about  255^  Is  composed 
of  grains  having  diameters  smaller  than  20  u.  (to  which  accrues  over 
ot  the  total  grain  area  In  the  mixture)  . 

In  the  light  of  these  data,  the  Importance  of  analyzing  process 
kinetics  in  polydlsperse  mixtures  becomes  obvious.  Such  an  analysis 
may  be  constructed  on  the  basis  of  the  following  simple  considerations 
[391,  3931. 

If  the  "coated”  reagent  consists  of  grains  of  initial  sizes 
Rg, ...,  Rjj  and  the  rate  of  the  process,  being  limited  by  diffusion  of 
the  second  reagent  through  the  "coating"  layer  (l.e.,  the  product 
layer).  Is  practically  Independent  of  the  rate  of  external  diffusion 
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toward  the  surface  of  this  layerf  then  each  fraction  of  the  "coated” 
reagent  undergoes  transformation  Independently  of  the  other  fractions. 

In  this  case,  the  conversion  kinetics  of  the  Individual  fractions 
may  he  expressed  by  the  equations 

/i  t  — f 

■  ■  •  '  j  . 

•  /,-i— 

/.  -  1  _  i.  0.  _(1  -  0,)T  - 

where  R2*  ^  express  the  radii  of  spheres  equivalent  In  size 

to  the  over- all  average  grain  In  the  fraction. 

Clearly,  having  determined  the  value  of  some  single  fractlcm, 
we  may  compute  the  of  any  other  n^^  fraction  for  the  same  condi¬ 
tions  (t^,  T  and  others)  from  the  formula 

'•“'•(ft)’-  (188) 

The  total  fraction  of  reacted  "coated"  reagent  after  a  time  t 
will  obviously  be 

o  -y,o, + yfit + - +y.o..  ( 183) 

where  y^^,  yg,  ...»  are  the  weight  fractions  of  grains  of  the  re¬ 
spective  average  sizes  R^,  Rg,  R^  in  the  total  quantity  of  this 

reagent  in  the  mixture. 

Solution  of  the  problem  as  a  whole  now  reduces  to  the  following. 
On  the  basis  of  experiments  with  grains  of  some  given  size  (or  of  a 
single  narrow  fraction),  we  compute  the  value  of  the  constant  K  for 
specified  conditions  (temperature,  etc.)  of  the  reaction. 

Prom  the  known  K  and  R  and  the  assigned  values  of  the  process 
time  T,  we  compute  the  values  of  the  functions  I  from  the  expression 

Further,  using  the  semllogarlthmlc  diagram  of  Pig.  76  (which 
should  be  constructed  on  a  large  scale  for  this  purpose),  we  find 
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®2'  ••**  ®n  resulting  values  of  Ig,  ...»  1^^. 

Finally,  we  use  Equation  (I83)  to  find  the  total  degree  of  con¬ 
version  0  of  the  coated  reagent  after  a  time  t  in  the  polydlsperse 
mixture. 

Thus,  a  few  operations  enable  us  to  find  G  as  a  function  of  t  for 
a  mixture  of  any  granulometric  composition. 

The  accuracy  of  the  results  obtained  depends,  of  course,  on  the 
range  of  grain  sizes  within  the  ]  mlts  of  the  individual  fractions:  it 
will  be  the  higher  the  narrower  the  fraction. 

The  above  exposition  equips  us  to  dwell  upon  certain  problems  of 
selecting  efficient  granulometric  composition  in  crystalline  mixtures 
for  practical  purposes. 

As  we  know,  the  mlnlmiim  porosity  is  reached  with  relatively  large 
surfaces  of  direct  contact  between  granules  when  the  range  of  grain 
sizes  in  the  mixture  is  quite  wide.  In  accordance  with  this,  and  in 
view  of  certain  other  considerations  that  carry  weight  in  technology, 
e.g.,  reflractory  technology,  wide  grain- size  ranges  are  deliberately 
maintained.  Various  experimentally  based  grain- composition  recommenda¬ 
tions  for  raw  mixtures  that  have  been  based  on  this  proposition  have 
come  to  light  (see,  for  example,  [49,  296]). 

The  use  of  these  recommendations  is  naturally  limited  to  process¬ 
es  whose  rate  and  results  are  independent  of  the  rate  of  internal 
diffusion. 

The  occasionally  encountered  extensions  of  such  recommendations 
to  processes  of  chemical  conversion  in  solid  mixtures  whose  rates  and 
results  depend  on  the  rate  of  diffusion  into  the  Interior  of  granules 
are  usually  unjustified  for  at  least  two  reasons: 

1)  in  the  overwhelming  majority  of  practical  cases,  the  area  of 
t|ie  surface  of  direct  contact  between  granules  and  the  rate  of  ex- 
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temal  diffusion  toward  tho  surfsee  of  the  "costed- reagent”  granules 
do  not  llsdt  the  rate  of  the  chemical  reaction  in  the  solid  sdxturei 
2)  where  there  is  an  essential  difference  between  the  grain  sixes 
of  a  single  mixture,  the  difference  in  the  degree  of  conversion  of 
various  grains  (or  fractions)  in  it  may  run  to  tens  of  percents  when 
some  (fine)  grains  have  been  converted  100^  into  the  pz^>duot,  other 
grains  (large  ones)  may  be  converted  by  only  10-15^;  when  the  process 
of  conversion  of  the  coarse  grains  subsequently  goes  to  completion 
over  a  relatively  long  span  of  tiise,  the  fine  grains  act  as  ballast. 

Prom  this  standpoint,  it  is  naturally  advisable  in  conducting 
processes  that  are  limited  by  internal  diffusion  to  maintain  a  rela¬ 
tively  narrow  range  of  grain  sizes  by  extracting  rather  fine  fractions 
An  interesting  property  makes  its  appearance  in  this  case  if  the 
process  takes  place  in  the  presence  of  accelerating  additives  which 
act  as  fluxes.  This  problem  is  considered  in  §2  of  the  present  chap¬ 
ter,  which  is  devoted  to  acceleratozns  for  these  reactions. 

Earlier  in  this  section,  we  have  been  concerned  almost  exclusive¬ 
ly  with  the  diffusion  region  of  the  reaction  and  the  grain  size  of 
the  reagent  that  becomes  coated  with  the  product  as  the  reaction  ad¬ 
vances.  It  does  not,  of  course,  follow  frcwn  this  that  the  grain  size 
of  another  reagent  or  other  reagents  is  not  of  essential  isqportance. 
The  Investigations  of  Budnikov  [1,  384,  394],  Berezhnoy  [293,  395], 
ainstling  [231],  Kaynarskly  [396]  and  many  other  authors  indicate 
that  the  reaction  rate  depends  heavily  in  cez*tain  cases  on  the  grain 
size  of  the  diffusing  component. 

For  example,  in  Investigating  the  reaction  of  magnesium  oxide 
with  quartz  in  the  respective  proportions  of  60  and  kOJt  in  the  mix¬ 
ture,  at  a  temperature  of  1620^  and  with  a  process  time  of  2  hours, 
Berezhnoy  obtained  the  results  shown  in  Thble  32. 


TABLE  32 

.  Influence  of  Grain  Size  of  Quartz  and  Perlclaae 
. .on  the  Rate  of  the  Reaction  Between  Them  [293> 
3971 


o+e.i  0+0.1  M 

2-r3  0-H).l  56.a 

0-:0.I  2+3  14,3 


1)  Grain  size  In  nun;  2)  quartz;  3)  roagnealum 
oxide  (perlclaae);  4)  fraction  of  bound  mag¬ 
nesium  oxide  in 


Pig.  77.  Kinetics  of  reac¬ 
tion  between  calcium  car¬ 
bonate  (with  grain  size 
r^aco  0*030  mm)  and 


molybdenum  oxide  with 
[CaCOgl-.lMoOj]  =  15  at  a 

temperature  of  620°. 


Grain  sizes  of  MoO^  (in 

mm):  1)  O.O52;  2)  0.064; 

3)  0.119;  4)  0.13;  5) 
0.153.  A)  Time  in  minutes. 


These  results  indicate  quite  con¬ 
vincingly  the  Influence  exerted  by  the 
grain  sizes  of  the  two  reagents  on  the 
rate  of  the  process  under  the  conditions 
studied  by  the  author. 

In  studying  the  reaction  of  molyb¬ 
denum  oxide  with  calcium  carbonate 
under  various  conditions,  Glnstllng  and 
Pradklna  [231]  observed  a  significant 
dependence  of  the  process  rate  on  the 
grain  size  of  the  two  reagents.  With  a 
relatively  large  grain  size  of  the 
coated  reagent  (CaCO^)  and  a  small 
grain  size  of  the  MoO^#  the  rate  of  the 
process  was  determined  by  internal  dif¬ 


fusion  (see  Pig.  71)  and  depended  on  the  CaCO^  grain  size,  under  other 
conditions,  when  the  kinetics  of  the  over-all  process  was  controlled 


by  sublimation  of  the  molybdenum  oxide  (Pig.  77),  the  reaction  rate 


was  a  function  of  the  MoO^  grain  size. 

Figure  78  and  Table  33  show  the  results  of  the  synthesis  of 
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gahnite  from  zinc  oxide  (ZnO  *nd  elumine  (Al20^  99*31)0 »  ** 

studied  by  Xsynsrskiy  end  Sidorov  [396]  with  1:1  proportions  between 
then  St  tenperstures  of  800  end  1200^. 

These  results  also  confirm  the  heavy  dependence  of  the  process 
rate  on  the  grain  size  of  the  diffusing  (In  this  ease,  the  sublimating) 
reagent:  when  the  zlnc>oxlde  grain  size  Is  approximately  doubled  (from 
70-90  to  150-200  p),  the  rate  constant  changes  by  a  factor  larger  than 
4  (for  example,  from  0.067*10"^  to  0.015*lor^) .  Here  we  are  concerned 
with  a  reaction  between  extremely  fine-grained  alumina  and  coarse¬ 
grained  zinc  oxide,  under  these  conditions.  Just  as  in  the  experiments 
noted  earlier  [231],  the  process  rate  Is  obviously  limited  not  by  the 
rate  of  Internal  diffusion  of  the  zinc  oxide  through  the  very  thin 
layers  of  gahnlte,  but  by  the  rate  of  its  sublimation,  or  not  only  by 
the  rate  of  this  diffusion,  but  also  by  the  rate  of  sublimation. 


Fig.  78.  Reaction  kinetics  of  zinc  oxide  with 
aluminum  oxide  at  temperatures  of  a)  800°:  b) 

1200°.  Grain  sizes  of  ZnO  and  AlgO^  (in  |i)  re¬ 
spectively  as  follows:  1)  2  to  6,  2  to  6;  2) 

.  2  to  6,  70  to  90;  3)  2  to  6,  150  to  200;  4) 

70  to  90,  2  to  6;  5)  70  to  90;  6)  ^  to  200, 

2  to  6.  A)  Quantity  of  gahnlte  In  B)  time 
In  minutes. 

This  makes  clear  the  great  Importance  of  the  ZnO  grain  size 
under  these  conditions. 

It  Is  difficult  to  go  along  with  the  other  explanations  offered 
by  Kaynafskly  and  Sidorov  for  their  observations,  and,  in  particular. 


s*. 


TABLE  33 

•  *.  • 

Averaged  Rate  Constants  of  Reaction  of  Zinc 
Oxide  with  Alumina 


1  PtlHtp  MfM  •  It 

K.W 

JaO 

A'A 

2  "P"  TttinHPpp*  •  ifu. 

1  I*  ! 

7o~n 

2-a 

2-6  • 

7o-.go 

1S0>2U0 

70-M 

70-9U 

150-200 

2-0 

2>6 

0.002 

o.ow 

0,047 

0.007 

U.OIS 

4. M  .  ! 

27.46 

IS.26 

5. M 

1.21  .  . 

*  Calculated  by  the  Zhuravlev  formula  13361. 

l)  Grain  size  in  u;  2)  at  reaction  temperature 
in  degrees. 


Fig.  79.  Nature  of  unit 
costs  as  functions  of 
grain  size.  1)  Heating 
of  mixture;  2}  grinding 
of  components;  3)  sum 
of  costs.  A)  Unit  costs; 
B)  grain  size. 


with  the  limitation  of  the  part  taken  by 
the  gaseous  phase  to  the  initial  period 
of  the  reaction  that  they  studied  [396): 
with  a  unit  ratio  ZnOtAlgO^  in  the  mix¬ 
ture,  the  considerable  difference  between 
their  specific  gravities,  a  ZnO  grain 
size  that  exceeds  that  of  the  kl20^  by 
several  hundred  per  cent,  and  the  non¬ 
ideal  mixing  makes  it  inconceivable  to 
us  that  the  reaction  between  them  should 
take  place  at  the  rates  represented  in 


Fig.  78  without  participation  of  a  gaseous  phase,  l.e.,  without  sub¬ 


limation  of  the  ZnO. 


Thus,  In  accordance  with  the  general  conceptions  set  forth  in 
Chapter  3  for  the  kinetics  of  reactions  In  solid  mixtures,  the  rates 
of  these  reactions  may  depend  on  the  grain  sizes  of  all  initial  com¬ 
ponents  and  any  combination  of  them. 

In  isolated  (extreme)  specific  cases,  the  reaction  rate  may  de¬ 
pend  on  the  grain  size  of  some  aingle  component.  Under  practical  con¬ 
ditions^  this  component  Is  most  frequently  the  substance  coated  by  the 
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product  layer  during  the  reaction.  However,  many  examples  that  deviate 
from  thla  situation  could  be  cited. 

In  conclusion,  let  us  dwell  for  a  moment  on  one  consideration  of 
a  practical  nature. 

under  Industrial  conditions,  an  increase  in  the  area  of  a  reac¬ 
tion  surface  and  a  decrease  in  the  average  path  of  internal  diffusion 
or  In  grain  size  not  only  favorably  affects  the  output  of  the  appara¬ 
tus  (furnace)  in  which  the  mixture  is  being  roasted  and  the  quality 
of  the  roasting  product,  but,  as  we  know,  also  opens  possibilities  for 
lowering  the  process  temperature  and  the  specific  consumption  of  power 
or  fuel.  On  the  other  hand,  reducing  the  grain  size  entails  an  in¬ 
crease  In  the  cost  of  grinding  and  frequently  brings  complications  In 
the  matter  of -dust  control. 

The  question  of  the  rational  degree  (rational  limit)  of  grinding 
the  raw  mixture  components  arises  in  this  connection.  Resolution  of 
this  question  must  apparently  be  achieved  by  technical- economic  analy¬ 
sis. 

The  specific  costs  of  producing  a  product  of  roasting  are  natur¬ 
ally  a  certain  function  of  the  degree  to  which  the  initial  reagents 
are  ground  fine.  The  minimum  of  this  function,  the  form  of  which  may 
be  found  for  each  given  process,  will  give  the  value  of  the  econcxnic- 
ally  optimal  grain  size. 

A  diagram  of  a  simplified  graphical  solution  of  this  problem  is 
presented  in  Pig.  79 •  Assuming  certain  unit  costs  in  first  approxima¬ 
tion  (e.g.,  the  cost  of  raw  material  per  unit  of  product.)  that  do  not 
depend  on  the  extent  of  grinding,  we  may  envision  the  following  pat¬ 
tern.  The  specific  cost  of  heating  the  reaction  mixture  Increases  in 
accordance  with  a  definite  law  that  is  characteristic  for  the  process 
in  question  (curve  1),  while  the  cost  of  grinding  its  components  dl- 
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mlnishes  (curve  2)  with  Increasing  grain  size.  The  ninimum  on  curve  3 
which  expresses  the  sum  of  these  costs  for  each  grain  size,  pemlts  a 
Judgment  as  to  the  economically;  most  efficient  degx*ee  of  refineaient. 
§2.  CHEMICAL  COMPOSITION  OP  MIXTURE.  ACCELERATORS 

The  rate  of  a  reaction  in  a  solid  mixture  naturally  depends  on 
its  chemical  composition  or,  in  other  words,  on  the  content  of  re> 
agents  and  inert  admixtures  in  it. 

However,  In  contrast  to  reactions  in  liquid  phases  and  gases, 
we  are  not  concerned  in  this  case  with  the  nature  of  the  connection 
between  reaction  rate  and  bulk  concentration  of  reagents  in  the 
chemist's  usual  sense.  In  the  case  of  a  reaction  In  a  crystalline 
mixture,  the  mechanism  by  which  Its  chemical  composition  influences 
the  kinetics  of  the  process  Is  usually  found  to  be  much  more  coaqplex. 

Let  us  first  consider  the  conditions  that  arise  in  mixtures 
that  do  not  contain  chemically  Inert  admixtures.  Various  cases  are 
possible  here,  depending  on  the  quantity  of  the  conqpounds  formed  by 
the  mixture  components,  the  proportions  between  the  average  grain 
sizes  of  the  various  components,  their  physical  properties,  shape, 
surface  properties,  and  so  forth. 

In  the  simplest  case.  In  which  only  one  compound  AB  is  formed 
between  the  components  A  and  B.ln  a  practically  monodlsperse  mixture 
of  them,  which  would  consist  of  grains  of  the  same  shape  and  strength 
[sic],  a  change  In  the  ratio  A:B  in  the  mixture  changes  the  thickness 
of  the  product  diffusion  layer  that  forms  during  the  reaction  process 
(if  the  specific  gravities  of  components  A  and  B  are  different),  the 
reaction- surface  area  and  the  cross-sectional  area  of  the  dlffusi<m 
flux.jHere,  an  Increase  in  the  content  of,  for  exa]tg>le,  the  "costed* 
component  in  the  mixture  naturally  reduces  the  totsl  thlrUnrsa  off 
the  product  diffusion  layer  and  this  affects  the  kinetics  cff  tlae 


process  sceordlngly  (398]*  I 

Ths  experimental  date  of  many  authors  (398-.^00  and  others]  confirm? 
thla  statement. 

In  cases  where  A  and  B  have  different  grain  sixes,  the  rate  of  the 
process  may  change  variously  with  changes  In  the  A:B  ratio,  depending 
on  the  mobility  difference  between  the  components  A  and  B  or  elementa 
of  their  lattices.  If  component  A  Is  the  "coated"  conponent  and  Its 
grain  size  Is  larger  than  that  of  B,  then  an  increase  In  the  content 
of  A  in  the  mixture  will  have  a  particularly  sharp  effect  on  the 
process  rate  (an  increase  in  the  content  of  "coated"  component  In  the 
mixture  will  be  reflected  therein  to  a  considerably  lesser  degree). 

In  the  light  of  the  above,  it  becomes  clear  that  the  occasionally  en- 
I  countered  (see,  for  exanqple,  [400])  explanation*  for  the  process- 

kinetics  changes  that  arise  in  the  case  described  here  in  terms  of  Inr 
creased  initial  contact- surface  area  between  granules  Is  inadequate, 
since  it  does  not  take  full  account  of  the  diffusion  conditions. 

Let  us  now  turn  to  an  analysis  of  the  influence  exerted  by 
natural  impurities  in  crystalline  reagents  and  accelerating  additives 

I  (the  so-called  mineralizers)  introduced  deliberately  into  their  mix- 

l  ■ 

tures  upon  the  reactions  under  consideration.  In  this  case,  we  shall 
be  concerned  with  impurities  and  additives  that  are  chemically  inert 
with  respect  to  the  reaction  mixture,  i.e.,  that  do  not,  for  ell  prac¬ 
tical  purposes,  participate  in  chemical  reaction  with  the  mixture's 

'  initial  components,  nor  with  its  Intermediate  and  final  products, 

i 

under  the  conditions  under  which  the  process  is  being  zm. 

i  .  •  •  ■ 

The  presence  of  each  such  impurity  or  additive  changes  the  con¬ 
ditions  of  the  reaction  as  compared  with  those  prevailing  when  it 
1  takes  place  in  a  mixture  of  absolutely  pure  reagents  and,  naturally, 

influences  the  reaction,  particularly  its  rate  and  the  properties  of 
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th«  product  obtained.  Depending  on  the  properties  of  the  reagents  and 
the  impurities  (or  additives)  as  well  as  on  the  conditions  of  the 
process »  this  influence  may  take  widely  varying  forms  as  regards  both 
nature  and  direction  and  intensity. 

i.  *  •  '  . 

'  Barta  [62]  lists  fifteen  different  ways  In  which  inlneralisers  act 
on  reactions  between  solids  and  classifies  all  mineralizers  Into  three 
large  groups,  those  Influencing 

1)  the  formation  of  seeds  (centers  of  crystallization);, 

2)  rate  of  crystallization  (especially  by  changing  the  viscosity 
of  the  system  and  the  dlsslpat) on  of  heat  from  It) ; 

3)  the  lattices  and,  accordingly,  the -properties  of  the  crystal¬ 
line  solids  (including  the  so>called  superficial,  structural  and  dif¬ 
fusion  mineralizers). 

In  evaluating  the  possible  effects  of  Impurities  and  artificial 
additives  on  reactions  In  mixtures  of  solids.  It  must  be  remembered 
that  all  of  the  "elementary"  processes  or  stages  making  up  these  re¬ 
actions,  as  enumerated  earlier  on  pages  160  and  l6l,  are  objects  of 
this  Influence.  The  change  In  conditions  brought  about  by  an  Impurity 
or  additive  may  affect  various  "elementaz'y"  processes  or  stages  of 
the  reaction  In  various  directions  (e.g.,  by  promoting  or  Inhibiting 
their  progress)  and  to  different  degrees  (for  example.  It  may  affect 
one  process  markedly  and  have  practically  no  noticeable  effect  on 
others).  The  resultant  effect  of  an  additive  (or  Impurity)  on  a  re¬ 
action,  whether  Its  effects  on  Individual  stages  work  In  the  same  di¬ 
rection  or  In  different  directions  (are  positive  or  negative),  depend: 
a)  on  the  relationship  between  the  activation  energies  and  between 
the  rates  of  the  Individual  stages  In  the  absence  . of  the  mineralizer 
(or  impurity)  and  b)  on  the  coaciarmtlve  effectiveness  of  its  Influence 
on  the  various  stages,  ^lis  resultant  action  is  obviously  determined 


primarily  by  the  Influence  of  the  mineralizer  (impurity)  on  the  limit- 
Irig  stage  (the  limiting  "elementary"  process)  of  the  reaction.  . 

It  Is  clear  from  the  above  that  the  over-all  Influence  of  a 
"mineralizer"  on  a  given  specific  reaction  In  a  solid  mixture  may  be 
understood  and  even  predicted  with  high  probability  given  understanding 
of  the  direction,  mechanism  and  comparative  effectiveness  of  the  action 
of  this  mineralizer  on  the  Individual  stages  of  the  reaction. 

Study  of  the  mineralizer  from  this  point  of  view  [401,  402  and 
others],  investigation  of  the  effectiveness  and  mechanism  with  which 

a 

the  Impurity  acts  on  the  "elementary"  diffusion  processes  [88,  103, 

110,  111],  polymorphic  transformation  [403-405],  sintering  [83,  132, 
133-140,  l46,  4o6,  407],  dissociation  [403],  fusion,  etc.,  open  the 
way  to  theoretical  generalization  and  the  achievement  of  worthwhile 
practical  results  in  this  field; 

For  example,  analysis  of  the  mechanism  by  which  fluxing  additives 
Influence  the  diffusion  stage  of  reactions  between  solids  [402]  en¬ 
ables  us  to  account  for  the  Influence  of  small  quantities  of  such 
additives  on  these  reactions,  the  existence  of  an  optimum  content  of 
the  additive  in  the  mixture  and  a  certain  temperature  interval  In 
which  It  acts  effectively,  the  varying  behavior  of  the  additive  at 
different  degrees  of  conversion  of  the  initial  substances  into  the 
product,  the  link  between  the  grain  size  of  the  initial  mixture  and 
the  effectiveness  of  the  additive,  and  many  other  phencnnena. 

The  presence  of  a  substance  that  forms  a  more  or  less  low  melting 
mixture  with  one  or  more  of  the  charge  components  greatly  Increases 
the  contact  area  between  the  reagents,  the  rate  of  diffusion,  and 
(If  the  process  Is  taking  place  in  the  diffusion  region)  the  rate  of 
the  over-all  process. 

If,  for  example,  we  add  to  a  mixture  of  reagents  A  +  B  a  flux 

-  335  - 


together  with  which  a  certain  (perhaps  very  small)  quantity  of  reagent 
A  passes  into  the  liquid  phase  at  a  given  temperature,  then  the  latter 
[reagent  A]  will  diffuse  at  a  high  rate  through  the  layer  of  the 
product  AB  toward  particles  of  the  second  reagent  B  and  react  inten¬ 
sively  with  them,  thereby  increasing  the  thickness  of  the  layer  of 
reaction  product  AB.  To  the  extent  that  A,  on  reacting  with  B,  is 
converted  into  AB  and  thereby  eliminated  from  the  liquid  phase,  a 
corresponding  quantity  of  it  quickly  melts,  diffuses  through  AB,  re¬ 
acts  with  B,  and  so  forth,  until  the  quantity  of  A  in  the  mixture  Is 
sufficient  to  maintain  all  of  the  flux  In  the  liquid  phase  at  the 
temperature  In  question. 

In  this  way,  l.e.,  in  accordance  with  scheme  XII  (page  202),  a 
very  small  quantity  of  flux  may  progressively  convert  a  large  quantity 
of  reagent  to  the  liquid  phase  and  assist  in  Intensifying  the  reac¬ 
tion.* 

Prom  the  time  at  which  the  quantity  of  unreacted  component  A  in 
the  mixture  becomes  sufficient  to  hold  all  of  the  flux  in  the  liquid 
phase,  the  flux  crystallizes  progressively  as  the  reaction  advances 
in  the  diffusion  layer  of  product  AB  and  about  it,  thereby  inhibiting 
the  diffusion  process.**  The  extent  of  this  inhibition  depends  on  the 
content  of  flux  in  the  mixture. 

Thus,  depending  on  the  quantity  of  inert  flux  introduced  into 
the  mixture,  the  positive  part  that  it  takes  at  the  beginning  of  the 
process  may  be  nullified,  and  then  become  negative  as  the  reaction 
progresses:*** 

The  acceptable  amount  of  such  a  process  accelerator  may  be  corn- 
put  cid  in  approximation  from  the  diagram  of  state  of  the  system  In¬ 
volved,  as  a  function  of  the  desired  degree  of  conversion  of  the  re¬ 
agents  Into  the  product  at  the  temperature  in  question. 
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The  effectiveness  of  use  of  an  accelerating  additive  of  this 
kind  la  not  the  sane  under  different  conditions.  The  effective  tesqpera- 
ture  range  of  such  an  additive  Is  limited  on  the  one  hand  by  the 
temperature  t^  at  which  some  component  (or  cbnqponants)  of  the  reaction 
mixture  melt  with  the  additive  and,  on  the  other'  hand,  by  the  tempera* 
ture  t2  at  which  a  liquid  phase  appears  In  such  a  mixture  In  the  ab* 
sence  of  the  additive  (Fig.  80). 

As  a  result,  for  example,  the  Influence  exerted  by  different  ad¬ 
ditives  to  the  reaction  mixture  upon  a  given  process  at  a  given  spe¬ 
cific  temperature  may  differ  widely. 

The  results  of  References  [398,  4oS-4ll]  (see  Figs.  8I-83)  may 
serve  as  an  Illustration  for  the  above  statements.  It  was  established 
In  these  and  many  other  studies  that  a  content  of  l-3j(  of  a  fluxing 
additive  In  the  crystalline  mixture  may  be  sufficient  to  Intensify 
many  reactions  greatly,  and  that  the  introduction  of  the  additive  Into 
the  mixture  may.  In  certain  cases,  first  accelerate  and  then  Inhibit 
the  process . 

It  has  been  shown  for  a  number  of  reactions  that  the  range  of 
effectiveness  of  the  additive  Is  restricted  to  certain  temperatures 
(see,  for  example.  Fig.  81) .  It  has  been  established,  for  example, 
that  under  practical  conditions,  calcium  fluoride  greatly  accelerates 
the  reaction  In  which  the  minerals  of  cement  clinker  form  at  tempera¬ 
tures  below  1300^,  l.e.,  before  the  liquid  phase  appears  in  the  CaO- 
AlgO^-FegO^-SlOg  system,  which  corresponds  to  the  composition  of  the 
raw-material  mixtures  used  In  the  production  of  Portland  cement. 

Examination  of  the  usual  relative  positions  of  the  kinetic  curves 
of  the  process  with  and  without  mineralizers  (Fig.  86)  shows  that  . In 
<  comparative  study  of  the  effect  of  various  mineralizers  on  a  process. 

It  Is  not  admissible  to  restrict  ourselves  to  any  single  value  of  the 
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Fig.  80.  General  nature 
of  effect  of  fluxing 
mineralizer  at  various 
temperatures.  1)  With¬ 
out  mineralizers;  2)  In 
presence  of  mineralizer. 
A)  Degree  of  conversion 
of  reagents;  B)  tempera- 
ture. 


Fig.  .82.  Rate  of  caustl- 
flcatlon  of  soda  by  ferric 
oxide  In  the  presence  and 
absence  of  NaCl  In  the  mix¬ 
ture,  with  the  iPegOjl: 

[NagCO^]  ratio  =  1.5  at  a 

temperature  of  770®.  1)  In 
the  absence  of  Nad;  2) 
with  2.8jj  NaCl  on  weight  of 
NagCO^.  A)  Degree  of  caus- 

tlflcatlon  In  jJ;  B)  time  In 
minutes. 


Fig.  8l.  Reaction  of  barium 
sulfate  with  calcium  chloride 
(1:1).  Yield  of  products  after 
58  minutes.  1)  In  absence  of 
NaCl;  2)  with  3^  content  of 
NaCl  In  Initial  mixture.  A) 
quantity  of  reacted  BaSOj^  and 

CaClg  In  %•,  B)  temperature  In 

degrees. 


Pig.  83.  Degree  of  extraction 
of  aluminum  oxide  from  sinter¬ 
ing  llme-nephellne  charge 
with  various  soda  contents 
and  process  temperatures; 
sintering  for  60  min.  1)  In 
absence  of  soda;  2)  3J<;  3) 

65^;  4)  lOjj  of  NagCO^  on  weight 

of  nephellne.  A)  Degree  of 
AlgO^  extraction  In  f(;  B) 

temperature  In  degrees. 


reaction  time  In  all  experiments. 

It  is  obvious  that  In  limiting 
ourselves  to  data  on  the  degree  of 
Interaction  of  the  reagents  without 
and  with  mineralizers  for  any  given 
value  T  of  the  reaction  time,  we  may 


Pig.  84.  Degree  of  extrac* 
tion  of  aluminum  oxide  from 
lime-nephellne  charge  being 
sintered  at  950°,  with 
various  soda  contents:  1) 

In  the  absence  of  soda;  2) 
3%}  3)  8^  Na2C0,  on  weicd^t 

of  nepheline.  A)  Degree  of 
^^2^3  in  B) 

time  in  minutes. 


arrive  at  different  conclusions,  de-> 
pending  on  the  value  of  t  selected. 
This  conclusion  is  not  adequate  as  a 
basis  for  Judgments  concerning  the 
effectiveness  of  the  action  of  any  one 
of  the  mineralizers  on  the  process. 


and  much  less  so  for  comparative  characterization  of  the  mineralizers. 


This  can  be  done  only  as  the  result  of  detailed  study  of  the  process 


kinetics. 


With  the  mechanism  of  the  additive 
effect  described  above,  the  intensification 
of  the  process  will  naturally  be  the  great¬ 
er  the  greater  the  extent  to  which  its  rate 
is  limited  by  the  diffusion  rate;  other 
conditions  the  same,  the  effectiveness  of 
the  additive  is  symbatic  to  the  thickness 


Fig.  83.  Influence  of 
fluorides  on  the  reac¬ 
tion  process  between 
mixed  calcium  oxide 
and  silicon  dioxide, 
during  1  hour.  1)  In 
absence  of  fluorides; 

2)  with  CaPg;  3)  with 

AIP3;  4)  with  MgPg;  5) 

with  NaP,  each  in  quan¬ 
tity  of  0.95)t  P  on  mix¬ 
ture.  A)  Fraction  of 
CaO  bound  In  B)  tem¬ 
perature  In  degrees. 


of  the  reaction- product  diffusion  layer  and, 
naturally,  to  the  grain  size  of  the  "coated" 
reagent  (see,  for  exaiig>le.  Table  34).  Hence 
the  fineness  and  nonuniformity  to  which  the 
reaction-mixture  components  are  ground  has 
less  effect  on  the  results  of  the  process 
in  the  presence  of  such  an  additive  than  in 
its  absence. 
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The  influence  of  additives  on  the 
sintering  process  of  crystalline  solids  is 
of  great  interest .  Study  of  this  process 
has  established  that  it  is  strongly  in> 

,  fluenced  by  the  composition,  structure  and 
properties  of  the  liquid  phase  that  arises 


in  the  system  with  participation  of  the 
additive  [137,  138]. 

VTe  note  in  conclusion  that  introduc¬ 
tion  of  an  additive  (mineralizer)  into  the 
reaction  mixture  may.  Instead  of  causing 
fluxing,  result  in  the  formation  of  solid 
solutions  or  a  change  in  the  composition 


Reaction  of  Soda  With  Ferric  Oxide  With  Various 
Grain  Sizes,  With  and  Without  Fluxing  Additive 
[398,  408) 


1 
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0,-.7  -0.M 

0 

«3.2 

■  18,9 

9.* 

0.8 

88.8 

CG.8 

a.» 

7.7 

88,8 

73,8 

60,1 

1)  Content  of  NaCl  additive  in  mixture  in  ^  by 
weight  of  Na2C0^;  2)  degree  of  caustification 

of  soda  in  %  for  the;  following  ferric-oxide 
grain  sizes  in  ram. 


Fig.  86.  Typical  rela¬ 
tive  positions  of  kine¬ 
tic  curves  of  process: 
a)  Without  mineraliz¬ 
ers;  b,  c,  d)  in  pre¬ 
sence  of  mineralizers. 
A)  Degree'  of  conver¬ 
sion  of  reagents;  B) 
reaction  time. 


TABLE  34 


of  such  solutions  as  a  result  of  significant  "opening  up"  of  the 
crystal  lattices  (as  is  the  case,  for,  example,  with  formation  of 
interstitial  and  subtractional  solid  solutions) .  This  fact,  the  sig- 

i 

nificance  of  which  will  depend  on  the  ratio  between  the  radii  of  the 
/  .  ■ 

.ions  in  the  system  with  the  additive  and  their  charges,  also  has  a 
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certain  effect  on  the  rates  of  certain  "elementary”  processes  coicpos- 
Ing  the  reaction,  and,  in  particular,  on  the  diffusion  and  sintering 
rates. 

In  general,  an  in^urity  or  additive  in  a  crystalline  mixture  may 
function  either  to  stabilize  its  composition  or  the  cnnposition  of  the 
products  formed  in  it  or  as  an  accelerator  or  retarder  of  the  process¬ 
es  that  take  place  when  such  a  mixture  is  heated. 

S3.  TEMPERATURE 

Boltzmann's  law,  which  describes  the  energy  distribution  of  mole¬ 
cules  in  matter,  permits  us  to  establish,  in  general  form,  the  nature 
of  the  relationship  between  the  rate  of  a  physical  or  chemical  process 
and  temperature: 


where  N  is  the  total  number  of  molecules,  Is  the  number  of  molecules 

with  an  energy  Ej^,  k  is  Boltzmann's  constant  and  z  is  the  sum  of 
states,  the  distribution  function. 

The  form  of  the  equation  for  the  energy  distribution  of  the 
molecules  depends  on  the  kind  of  problem,  although  the  presence  of 
the  factor  which  Is  knoiwn  as  Boltzmann's  factor,  is  always 

characteristic  for  this  distribution.  In  accordance  with  this,  the 
rate  constant  of  a  reaction  in  a  crystalline  mixture  is  expressed  by 
the  equation 


k 


Q 


(34a) 


in  which  the  quantities  A  and  Q  may  take  on  different  physical  senses 
and  values  in  accordance  with  the  limiting  stage  (limiting  "elementary" 
process)  of  the  reaction. 

In  cases  where  the  process  is  limited  by  the  actual  chemical  re¬ 
action,  the  preexponential  factor  A  «  PZq,  where  P  is  the  probability 
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or  storlc  factor,  Zq  Is  the  number  of  double  (for  a  blmolecular  reac* 
tlon)  collielona  between  the  reacting  particles,  and  Q  la  the  active- 
ti<m  energy  for  the  chemical  event,  which  depends  on  the  bonding 
forces,  between  the  particles  of  each  of  the  Initial  substances  and  on 
the  forces  of  repulsion  between  particles  as  they  approach  one  another 
(for  heterogeneous  processes,  a  group  which  Includes  reactions  In 
crystalline  mixtures,  Q  Is  the  apparent  energy  of  activation). 

If  the  process  takes  place  In  the  diffusion  region,  then  Its  rate 
Is  limited  by  the  coefficient  of  diffusion  D  «  Ae”^^^,  where  the  value 
of  A  depends  on  the  vibration  frequency  of  the  structural  elenents 
(e.g.,  atoms)  of  the  crystal  lattice  and  the  average  distance  between 
their  neighboring  equilibrium  positions  and  Q  Is  the  "opening"  energy 
of  the  lattice,  which  depends  on  the  bonding  forces  between  Its 
structural  elements  (pages  18>22) . 

If  the  "controlling"  stage  of  the  process  Is  recrystalllzaticm, 
sublimation,  adsorption,  or  the  like,  then  A  and  Q  depend  accordingly 
on  other  factors  as  well. 

Taking  logarithms  In  Expression  (3^s),  we  obtain  the  Aznrhenius 
equation 


rnA'=lnA--5^ 

(184) 

or,  converting  to  common  logarithms  and  assxunlng  that  A  and  Q  do  not 
vary  with  temperature,  we  obtain  the  equation  of  a  Str'alght  line,- 

(I84a) 

where  b  -  log  A  and  a  »  Q/2.303  R  -  Q/4.575. 

Using  the  experimental  values  of  K  for  various  temperatures  bo 
plot  a  diagram  of  log  K  vs.  l/T  (Fig.  87)  In  which  the  slope  of  the 
line  Is  a.  It  Is  easy  to  determine  the  numerical  value  of  the 
parent  activation  ^nergy  of  the  process.  The  most  widely  used  method 
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for  determining  this  energy  also  reduces  to  this. 

Table  35  lists  values  of  Q  for  certain  re¬ 
actions  In  ffllxtxares  of  crystalline  solids.  The 
rate  bhanges  of  the  corresponding  reactions  as  ' 
functions  of  temperature  may  be  coBg>uted  from 
the  data  of  this  table.* 

Actually,  more  rigorous  analysis  of  this 
problem  Indicates  that  for  a  number  of  reasons, 
(see,  for  example,  §1  of  Chapter  2)  the  values 
of  a  and  b  and,  in  particular,  the  value  of  the 
apparent  activation  energy  Q,  which  determines  the  quantity  b.  In 
Equation  (l84a)  may  change  for  reactions  In  crystalline  mixtures  as 
the  temperature  changes,  and  do  so  In  some  cases  over  a  rather  wide 
range. 

It  follows  directly  from  Equation  (3^a)  that  the  higher  the  ac¬ 
tivation  energy  of  this  process,  the  more  widely  will  the  rate  of 
the  process  vary  with  temperature. 

Numerical  characterization  of  the  reaction  rate  constant  as  a 
function  of  temperature  naturally  involves  the  nature  of  the  limiting 
stage  of  the  reaction.  In  the  case  of  a  diffusion  process,  which  is 
usually  characterized  by  a  small  activation  energy,  its  rate  changes 
relatively  slowly  with  temperature:  by  10-40$(  as  the  temperature 
changes  through  10^.  In  cases  where  the  process  Is  limited  by  the 
actual  ch«nlcal.  stage,  on  the  other  hand  (a  situation  rarely  encoun- 

I 

tered  In  Intercrystalllne  reactions  under  practical  condltl<m8),  the 
temperature  dependence  of  reaction  rate  according  to  the  Arrhenius 
equatlor:  is  quite  pronounced:  a  10^  temperature  Increase  Increases 
the  reaction  rate  by  a  factor  of  2-4  or  more. 

The  considerations  set  forth  above  apply  to  an  Isothomml  course 
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Pig.  87.  Rate  con¬ 
stant  of  reaction 
as  a  function  of 
absolute  tempera¬ 
ture.  1)  log  K. 


TABLE  35 

Values  of  Activation  Energy  for  Certain  Reac¬ 
tions  in  Solids 


^  haicaM 

1  JVa 
kwlO)MM» 

HCTMaMB 

MsO  }-AI,Ob-MKO.AI.O, 

41.1 
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+«A*+Oh 
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15101 
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^ooCpaaiM*  CMCCk 

43,3 

(3361 
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• 

85.0 

IS601 

CaCO,+  MoO,  a.NWiO,-i-  CO, 
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86.0 

1*451 

CjCOH-MoO,-.C*.Mo04+CO, 

nopouiKooOpuiua  CMMb 

31.4 

1231] 

BaCOj-fSiOb-* 

Ta&ieTitpouMHM  nopOMr 
6(oo6puiiaa  cMcck 

56.0 

IM3| 

BiCOrt-TlO,- 

y  To  *• 

63,5 

m 

BiCOrf-WOid  1  U-*BaWO«^ 

+CO, 

• 

44.0 

1*431 

+CO, 

. 

32.1 

12431 

ZnO-pAliOj-*  ZnAIjO^ 

BaaiiMoxcllcTMic  MeKxy 

8  TaO.icTnMN 

06.0 

12241 

PbO+SlO,- 

Ta&icTiipouiinaa  nopoia* 
OKOoCpasiiaa  caeca 

12.8 

1361] 

Pb0H-PbSl0,-.Pb,Sl04 

7T0  aie 

61.3 

1261] 

PbOH  PhSlO,  -PbjSlO, 

BaaiiKOACilcTnnc  Hcacay 
8  T3r>.ICTKaMH 

114,0 

1223! 

2Pb04-l’!v.i04  I’btSiO, 

yTo  ace 

180.0 

(2231 

1)  Reaction;  2)  conditions;  3)  Q  in  kcal/mole 
source;  5)  powder  mixture;  6)  tableted 
powder  mixture;  7)  same;  8)  reaction  between 
tablets. 


of  the  reaction.  However,  the  exothermic  nature  of  most  reactions  In 
crystalline  mixtures,  combined  with  the  relatively  low  heat  capacity 
and  thermal  conductivity  of  the  latter,  may  res  .lt  in  considerable 
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h«ating  of  the  reaction  mixture  during  the  reaetltm.  On  the  other  hand 
an  Increase  In  the  temperature  of  the  reagents  (which  quite  pirobably 

■  :.v- '  ■  •>,  .. 

differs  from  the  temperature  of  the  reaction  space)  as  the  x^action  . 
proceeds  will  naturally  influence  the  reaction  rate.  Yander  (333) 
teispted  to  take  this  into  consideration  on  the  basis  of  the-  following 
considerations  in  his  description  of  the  kinetics  of  the  reaction 
..that  he  studied  (see  page  239). 

Denoting  by  the  subscripts  n  axul  k  the  initial  and  final  stages 
of  the  reactions,  respectively,  we  may  write 

•_  e 

Then  the  following  equation  will  apply  at  any  moment  during  the 
reaction: 


(185) 


Assuming  that  the  difference  -  T  is  proportional  to  the  thick- 
ness  X  of  the  product  layer  and  that  the  product  T^T  is  in  first  ap¬ 
proximation  constant,  we  find  that  the  rate  constant  of  the  reaction 


If  we  now  substitute  this  value  of  K  in  the  equation 

•**~^*'  (91a) 


we  find  that 


and  since 


then 


(186) 


(150) 


where 


(187) 


^1  —  -^  »nd 


r  b«  noted  In  connection  with  this  reasoning  that  with 

spherical,  cubic  and  similar  (nonlamlnar)  reagent.granule  shapes,  the 
V  ^  difference  —  T  Is  not  a  linear  function  of  the  thickness  x  of  the 
product  layer.  If  only  for  the  reason  that  the  value  of  x  Is  Itself 
nonlinearly  related  to  the  quantity  of  the  materials  that  has  reacted. 
Further,  the  heat  radiation  of  the  reaction  mass,  which  Is  proportional 
according  to  the  Stefan- Boltzmann  law,  to  the  difference  between  the 
fourth  powers  of  the  temperatui^s  of  the  more  severely  heated  and  less 
severely  heated  solids,  will  also  naturally  affect  the  value  of  —  T. 
Finally,  according  to  what  we  said  earlier  (§6  of  Chapter  3),  a  funda¬ 
mental  change  In  the  kinetics  of  the  process  during  time  Is  possible 
even  when  Its  progress  Is  Isothermal;  this  Is  the  more  likely  to  be 
the  case  when  the  temperature  of  the  reaction  mixture  changes,  as  dis¬ 
cussed  earlier. 


Fig.  88.  Nature  of  change  In  reaction  rate  as  a 
function  of  temperature  under  various  conditions. 

K  Is  the  rate  constant  of  the  reaction  and  t  Is 
the  temperature,  a)  Region  of  chemical  klneTlcs; 
b)  diffusion  region;  c)  progressive  transition 
from  a  to  b;  d)  relatively  sharp  transition  from 
b  to  a.  “ 

These  circumstances  naturally  limit  the  applicability  of  Equa¬ 
tion  (187)  to  a  rather  narrow  range  of  conditions;  In  the  general 
case,  It  Is  highly  approximate  In  nature. 

i  In  practice,  and  under  Industrial  conditions  In  particular,  re¬ 
actions  In  crystalline  mixtures  actually  take  place  quite  often  with 
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Pig.  89.  Reaction 
^tween  FbO  and 
SIO2  various 


temperatures  [410). 
1)  Yield  of  FbSlO,, 
In  %•  ^ 


^•Kunmumi  (MMAjpamjiW 
Kfmimitpat. 


Pig.  90.  Reaction 
of  magnesium  oxide 
with  sircon  at 
various  temperatures. 

-2  hours.  1) 

^max 

Fraction  of  bound  MgO 
in  2)  maximum  pro¬ 
cess  temperature  in 
degrees. 


Fig.  91.  Reaction  of 
soda  with  ferric  oxide 
at  various  tmnperatures 
(411).  1)  Degree  of 
caustlflcation  in  %i 
2)  temperature  in  de- 
gMes. 


Fig.  92.  Reaction 
of  NiO  (1)  and 
Co^0l^  (2)  with 

SIO2  at  various 

tenperatures .  A) 
Practl<m  of  bound 
metal  oxide  in  %i 
B)  temperature  in 
degrees . 


1 


a  gradual  increase  in  temperature.  This  situation  is  by  no  means  pe¬ 
culiar  to  exothermie  reactions;  the  reacting  substances  may  gradually  ^ 
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bee<»ne  heated  by  an  external  source  of  heat.  '  .  1 

Any  of  Equations  (l84-l87)  may  be  found  inadequate  to  descxdbe  the 
process  rate  changes  that  take  place  here.  ■  ' 

On  the,  basis  Of  considerations  of  the  possible  transition  of  the 
process  as  It  proceeds  from  one  region  (e.g.-,  that  of  chemical  kinetics) 
Into  another  (e.g.,  the  diffusion  region),  we  must  accordingly  acknow¬ 
ledge  the  possibility  that  the  rate  of  a  given  process  may  vary  In  a 
different  manner  as  a  function  of  temperature  In  different  temperature 
ranges.  Usually,  the  attention  given  to  this  question  In  the  study  of 
solid-state  reactions  Is  Inadequate. 

The  nature  of  the  connection  between  reaction  rate  and  temperature 
depends  on  the  chemical  and  granulometric  composition  of  the  inaction 
mlxttire . 

In  the  simplest  cases  of  chemical  and  diffusion  kinetics,  the 
nature  of  this  relationship  is  reflected  by  curves  a  and  b,  respec¬ 
tively  (Pig.  88).  In  the  case  of  a  gradual  transition  of  the  process 
with  rising  temperature  from  the  region  of  chemical  kinetics  Into  the 
diffusion  region,  the  reaction  rate  constant  varies  following  curve 
In  the  case  of  a  relatively  sharp  transition  of  the  process  from  the 
diffusion  region  into  the  region  of  chemical  kinetics,  proper  (such  a 
transition  may  occur,  for  example,  when  part  of  the  system  reaches 
the  melting  point,  with  the  resulting  sharp  drop  in  diffusion  I*e8l8- 
tance),  the  rate  of  the  reaction  as  a  function  of  temperature  Is  repire- 
sented  by  curve  d  (see  Fig.  88),  and  so  forth. 

A  large  quantity  of  experimental  data  corresponding  to  these 
curves  is  available.  Certain  examples  of  various  experimentally  es¬ 
tablished  relationships  for  rate  constant  in  crystalline  mixtures 
as  a  function  of  temperature  are  given  In  Figs.  89-92. 
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S4.  ?XBSSUitl 

It  has  bt«n  knonn  sine*  th*  •kp«rliiient8  of  Shprlng  [166],  Which  : 
vfr*  conducted  during  t^M  eighteen-nineties,  that  severe  enou|^  eeai- 
"pMSslon  of  a  crystalline  mixture  will  affect  the  chemical  reaction 
between  its  components.  Briquetting  a  mixture  of  barium  sulfate  with 
soolum  carbonate  and  other  mixtures  under  a  pressure  of  6006  atmos¬ 
pheres,  Shprlng  rah  reactions  In  them  at  room  teiiq;>erature. 

At  the  present  time,  the  strong  Influence  ^xerted  by  pressure  on 
various  processes  In  which  powdered  products  (and  mixtures  in  pax*tlcu- 
lar)  undergo  conversion  Is  a  well-known  fact  and  one  extensively  ex¬ 
ploited  In  Industry.  However,  the  mechanism  and  effectiveness  of  this 
action  as  a  function  of  certain  conditions  that  are  of  interest  to 
the  production  engineer  have  not  been  investigated  in  many  cases. 

In  considering  this  problem  as  related  to  reactions  In  solids, 
we  may  be  concerned  with:  a)  preliminary  squeezing  (press  forming)  of 
a  powder  mixture  before  the  reaction  Is  Initiated  In  It  and  b)  the 
conduct  of  the  reaction  Itself  under  pressure.  In  the  former  case, 
the  reaction  kinetics  may  be  affected  by  the  shape  change  of  the  mix¬ 
ture  granules  and  changes  In  their  relative  spatial  arrangements,  and 
In  the  second  case.  In  accordance  with  the  Le  Chatelier  principle,  the 
equilibrium  of  the  reaction  may  also  be  shifted. 

The  basic  changes  that  occur  In  a  powdered  solid  when  it  is  com¬ 
pressed  reduce  to  a  change  in  the  average  distance  between  neighboring 
granules,  changes  In  their  shape,  and  changes  In  the  total  and  con¬ 
tact  surface  areas.  The  nature  of  these  changes  may  vary  In  accordance 
with  the  Initial  conditions:  the  mutual  spatial  arrangement  of  the 
grains,  the  ratio  between  their  strengths,  the  presence  and  distribu¬ 
tion  of  surface  Impurities,  and  the  like  (see  §4  of  Chapter  1). 

Theoretical  considerations  Indicate  that  regardless  of  the  nature 
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of  certain  of  these  changes,  they  may  act  on 
the  reaction  to  one  degree  or  anothe^,|hn4 
even  push  It  In  different  direct loM'^jtcd^end* 
Ing  on  the  mechanism  and  condltltps^of  the  ; 
reaction.  Thus,  pressing  a  mixture  to  In^ 
crease  the  surface  of  direct  contact  between 
granules  In  cases  where  the  reaction  takes 
place  with  participation  of  liquid  or  gaseous 
phases,  l.e.,  when  the  second  of  the  mass* 


Pig*  93*  Differential 
heating  curves  of  mix¬ 
tures  of  CaCO^  with 

MgSO^j'HgO.  1)  2:1  mix¬ 
ture,  not  pressed;  .2) 
same  mixture  after 
five  minutes  of  press¬ 
ing  at  room  teiqpera- 
ture;  3)  same,  after 
eight  hours  of  press- 
Ing.at  temperature  of 
300”:  4)  1:10  mixture, 
unpressed;  3)  buob 
mixture  after  five 
minutes  of  pressing  at 
room  temperatuz*e. 


transfer  variants  described  above  ($1  of 
Chapter  2)  is  In  effect,  may  have  little  or 
no  effect  because  of  the  relatively  low 
value  of  Biass  transfer  through  the  contact 
surface. 

A  change  In  the  reaction  kinetics  of  a 
powder  mixture  under  pressure  may  ccur 
chiefly  as  a  result  of  Its  Influence  on  the 
"elementary”  processes  of  sintering,  re- 


crystalllzatlon  and  diffusion.  Pressure  has  a  particularly  pronounced 


effect  on  sintering,  which,  in  the  opinion  of  many  Investigators,  de¬ 
termines  the  "reaction  capability"  of  such  a  mixture  (we  know  that 
Tammann  [412],  Kordes  [413]  and  others  have  Identified  the  "reaction- 
onset"  temperature  of  a  powder  with  Its  sintering  temperature). 

Preslnterlng  briquetting  of  powders  under  one  pressure  or  another 
Is  a  procedure  that  has  long  been  successfully  applied  In  practice  and 
described  on  many  occasions  In  the  literature  (see,  for  example  [48, 
296,  4l4]).  A  relatively  new  process  Is  the  one  In  which  sintering  Is 
conducted  under  pressure,  wliititi  Is  also  knofwn  as  "hot"  pressforming. 

In  this  case,  the  powdered  solid  (which  has  usually  been  briquetted 
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Pig.  9^.  Differential  heat¬ 
ing  curves  of  mixtures  of 
XgSOj^  with  NSgSO^.  1)  Un- 

pressed  mixture;  2)  same 
mixture  after  five  minutes 
of  pressing  at  room  tempera¬ 
ture;  3)  samet  after  five 
repetitions  of  crushing  and 
5  minutes  of  pressing  at 
room  temperature. 


Fig.  93 •  Differential 
heating  curves  of  mix¬ 
tures  of  NSgSOi^  with 

CaSOij'O.SHgO.  1)  Uh- 

pressed  mixture;  2) 
same .mixture  after  5 
minutes  of  pressing 
at  rocxn  temperature; 

3)  same,  after  two 
repetitions  of  crush¬ 
ing  and  3  minutes  of 
pressing  at  room 
temperature;  4)  same,  * 
after  two  repetitions 
of  crushing  and  6  hours 
of  pressing  at  room 
temperature . 


in  advance)  is  subjected  to  the  simultaneous  effects  of  high  tempera¬ 
ture  and  pressure.  References  [4l3,  416]  are  devoted  to  the  highly 
underdeveloped  theory  of  this  process.  Merrey  et  al.  [4l6]  made  the 
most  detailed  experimental  Investigation.  The  authors  subjected  speci¬ 
mens  of  beryllium,  magnesium,  calcium,  aluminum,  thorium  and  uranium 
oxides  to  pressfoming  in  molds  made  from  dense  electrographite  under 
a  pressure  up  to  l40  kg/cm  at  temperatures  up  to  200  .  Here,  they 
established  the  possibility  of  obtaining  compacts  of  high  density  and 
a  very  high  rate  of  the  sintering  process  under  the  conditions  of 
*^ot"  pressforming.  Thus,  using  a  pressure  of  l40  kg/cm  and  a  press- 
forming  temperature  of  1300^,  they  obtained  magnesium  oxide  with  a 
bulk  weight  of  3>4  g/cm^,  beryllium  oxide  of  2.98  g/cm^  at  1700°,  cal- 
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elum  oxide  of  3.5^  g/cn?  at  l800^  and  zirconium  dioxide  of  5*7  g/cm^ 
at  2000^.  According  to  Merrey'a  calculations. [4l6],  the  rate  of  eon> 

"4  peetlng  during  sintering  at  a  pressure  of  '70  kg/cm^  la  105  to  178  times 
than  In  sintering  under  atmospheric  pressure.  Direct  extension 
of  these  figures  to  the  kinetics  of  the  reactions  In  which  we  are  In¬ 
terested,  even  In  those  cases  where  their  limiting  stage  at  atmospheric 
pressure  Is  sintering,  cannot  be  Justified  theoretically:  any  other  of 
the  "elementary"  processes  composing  the  reaction  may  assume  the  role 
of  limiting  stage  when  the  sintering  process  Is  greatly  Intensified. 
However,  accelerating  the  sintering  of  crystalline  mixtures  luider 
pressure  undoubtedly  affects  to  some  degree  the  conditions  of  diffu¬ 
sion  In  them  and.  In  this  way,  the  reaction  rate  as  well. 


>« 


Fig.  96.  Influence  of  prior  squeez¬ 
ing  pressure  applied  to  mixture  of 
copper  sulfate  and  lead  oxide  on 
rate  of  reaction  between  them  [237]. 

1)  Degree  of  conversion  after  30 
minutes,  2)  pressure  previously 
applied  to  mixture,  kg/cm^. 

The  beneficial  Influence  of  pressure  on  the  conversion  processes 


of  solids  has  been  described  many  times  In  the  literature  (see,  for 
example,  [1,  48,  2l4,  218]).  One  topic  of  description  In  these  studies 
Is  the  Intensifying  Influence  of  pressure  on  chemical  reactions  In 
solids.  An  Interesting  Investigation  In  this  direction  was  carried  out 

\ 

comparatively  recently  by  Berg  et  al.  1417).  The  authors  registered 
thermograms  of  powdered  salt  mixtures,  free-poured  and  pres^ped  at 
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TABLB  36 

Znfluone*  of  Prossformlng  Pressure  on  Synthesis 
of  MsgnesiuB  Spinel 
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1  klfMtNfaCtMt  WfUMM 

€M 

IM* 

»m 

3  OSiAMNul  Mc  MotewaKMiiHt  otfvmim  m 

i> 

33.75 

15.60 

I.M 

33.30 
k  I6.sr 

».• 
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1)  Description  of  specimen;  2)  forming  pres* 

sure  In  kg/cm^;  3)  bulk  weight  of  unflred  sped* 

mens  In  g/cm^;  4)  content  of  free  MgO  In  sped* 
mens  fired  at  800°,.ln  3)  yield  of  spinel 

after  firing  at  800°,  p. 


TABLE  37 

Influence  of  Prior  Squeezing  Pressure  Applied  to 
Equimolar  Mixture  of  Copper  Sulfate  and  Lead 
Oxide  on  Rate  of  Reaction  Between  Them* 


*  The  experiments  were  run  at  a  temperature  of 
300°  and  with  a  reaction  time  of  30  min. 

p 

1)  Prior  squeezing  pressure  In  kg/cm  ;  2)  degree 
of  conversion  of  copper  sulfate  In  %  in  experi* 
ments  of;  3)  series  I;  4)  series  I-lII  (average). 


6000  atmospheres,  as  follows:  a)  CaCO^  -i-  MgSOj^'HgO,  b)  Na2S0^  -f  BK^SOj^ 
c)  Na^SO;^  +  CaS0^*0.3H20  and  others.  The  squeezing  operation  was  per* 
formed  at  room  tenq>erature  and  at  300°.  The  appearance  of  new  phases 
In  the  squeezing  process  was  Judged  by  the  appearance  of  secondary 
effects  on  the  thermograms.  The  results  of  the  experiments  (Figs.  93* 
93)  show  the  appearance  of  1*2J^  of  new  phases  In  the  mixtures. 

Thus,  the  difference  In  the  behavior  of  unpressed  and  pressed 
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mixtures  of  the  eoiqposltlone  studied  and  the  occurrence  of  resctlone 
In  the  pressed' mixtures  were  imdoubtedly  established,  although  It. Is 
difficult  to  state  that  the  appearance  of  new  phases  in  theso  mi](tures 
did  not  take  plape  (at  least  In  part)  during  the  actual  heatlng  pro- 
cess. When  the;;thermograms  were  recorded. 

Klyucharov'and  Levenshteyn  [418]  established  the  following  pat¬ 
tern  for  the  Influence  of  squeezing  pressure  applied  to  a  semidry 
Initial  mixture  on  the  synthesis  of  magnesium- alumina  spinel  (Table 
36). 

The  data  of  Table  36  Indicate  that  an  Increase  by  a  factor  of 

10  In  the  squeezing  pressure  applied  to  the  mixture  (from  600  to  6000 

o 

kg/cm  )  resulted  in  a  significant  change  In  the  densities  of  the 
specimens  (by  82^)  under  the  conditions  studied  b^  the  authors,  but 
Increased  the  yield  of  reaction  product  by  only  22%. 

It  follows  from  what  was  said  earlier  (pages  189  and  191)  that 
when  a  reaction  takes  place  in  a  solid  mixture  with  participation  of 
gases  or  liquid  phases.  Its  rate  may  not  only  fall  to  rise,  but  may 
even  fall  with  Increasing  squeezing  pressure  on  the  Initial  mixture. 
This  proposition  has  been  confirmed  experimentally  by  Pozln,  Qlnstllng 
and  Pechkovskly  [237]  on  the  example  furnished  by  the  reaction  of 
copper  sulfate  with  lead  oxide.  The  experiments  were  conducted  at  a 
temperature  of  500°.  Their  results,  which  are  presented  In  Table  37 
and  Pig.  96,  Indicate  that  the  rate  of  this  reaction  drops  off  with 
increasing  preliminary  squeezing  pressure  applied  to  the  reaction 
mixture. 

Thus,  depending  on  the  composition  of  the  reaction  mixture,  the 
physical  properties  of  its  components,  the  shape  and  sizes  of  their 
grains,  and  the  nature  and  relative  Importance  of  the  "elementary" 
processes  composing  the  reaction,  pressure  may  actually  Influence  it 
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in  differtnt  directions  and  to  dirfersnt  degrees. 


■-W 


script 
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[Footnotes] 


320  Obviously*  profound  systenstle  study  of  milling  processes 

with  the  objective  of  securing  s  redicsl  increase  in  their 
speed  and  economic  efficiency*  together  with  a  considerable 
increase  in  the  attainable  fineness  is  of  no  lesser  is^ 
portance;  as  we  know*  research  in  this  direction  has  recent* 
ly  been  developing  intensively. 


Certain  laws  obsez^ed  in  grinding  processes  are  extremely 
complex.  In  view  of  this*  and  desiring  to  produce  a  result 
that  is  useful  for  practical  purposes*  the  actual  mechan¬ 
isms  of  such  processes  are  usually  simplified  considerably 
in  theoretical  analyses.  Here*  the  slBqpllflcatlons  (not 
only  of  the  grinding  mechanism*  but  also  of  the  general 
concepts  related  to  it)  are  sometimes  so  significant  that 
they  result  to  a  certain  extent  in  loss  of  the  essential 
nature  of  the  phenomena  composing  this  process  and  deter¬ 
mining  its  basic  qualitative  laws.  This  situation*  which 
is  frequently  encountered  in  woric  with  crystalline  solids* 
has  been  pointed  out  convincingly  in  the  work  of  Kuznetsov 
[28*  29t  63]*  Rebinder- [23-27)  and  other  authors. 


336*  It  follows  from  this  that  the  presence  of  a  certain  quantity 
of  impurities  and  moisture  in  solid  reaction  mixtures  (which 
are  frequently  governed  by  the  composition  of  the  natural 
raw  material)  may  have  a  positive  effect  on  their  conversion 
rate  if  these  impurities  or  moisture  result  in  the  formation 
of  a  liquid  phase  in  the  system  that  improves  conditions 
for  diffusion  of  one  reagent  toward  another. 

336**  Another  reason  for  a  progressive  drop  in  process  rate  result¬ 
ing  from  the  use  of  a  fluxing  additive  may  be  the  gradual 
transition  of  the  flux  from  a  liquid  phase  of  c(»iposition  A  -f 
+  flux,  AB  -I-  flux*  and  the  like  into  the  gaseous  phase  as  a 
result  of  crystallization  of  A*  AB*  and  so  forth*  respec¬ 
tively*  and  the  resulting  increase  in  resistance  to  diffusion. 

335«*«  mechanism  and  results  of  the  action  of  a  fluxing  additive 

in  the  case  of  transition  into  the  liquid  phase  of  a  more 
complex  mixture  (for  example*  additive  —  reagent  A  —  reagent 
B)  under  the  conditions  of  the  reaction  are  in  principle 
analogous  to  those  described. 
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Chapters 

MBIHODS  OP  EXPERIMENTAL  STUIY  OF  REACTIONS  IN  SOLIDS 

The  experimental  study  of  reactions  In  solids  Involves  consider¬ 
able  difficulty. 

Obviously,  securing  reproducible  research  results  requires  suf¬ 
ficiently  accurate  reproduction  of  all  conditions  determining  the 
course  of  the  reaction.  Nonconformity  to  this  requirement  will,  as  we 
i  know,  x*esult  In  coti..lderable  differences  among  the  experimental  re- 

I  suits. 

I  Exact  reproduction  of  s(xne  of  the  conditions  that  exert  an  es- 

f  sentlal  Influence  on  reactions  between  solids  (size  and  spatial  dls- 

f 

i  trlbutlon  of  the  reagent  granules,  their  content  of  impurities  and 

j  of  moisture  In  particular,  distribution  of  temperature  in  the  reaction 

[  mixture,  and  so  forth)  Is  frequently  a  rather  difficult  ta^. 

As  was  noted  earlier,  such  a  reaction  takes  place  in  the  over- 

t 

whelming  majority  of  cases  at  a  rate  that  is  of  practical  interest 
only  at  relatively  high  temperatures  (frequently  over  a  thousand  de¬ 
grees),  and  this  Is  naturally  a  further  obstacle  to  its  study.  Here, 
we  frequently  have  simultaneous  formation  of  several  products  possess¬ 
ing  closely  similar  chanical  properties.  This  renders  separation  of  the 
products  by  selective  solution  extremely  complex.  ' 

The  similarity  between  the  physical  properties  of  the  various  sub¬ 
stances,  together  with  the  c(Mqplex  structure,  low  symmetry  and  severe 
distortlaiia  of  the  crystal  lattice,  sometimes  limits  the  possibility 
of  investigating  the  solid  reaction  mixture  by  physical  methods. 


1 


As  •  result,  different  methods  are  employed  In  different  oases 
for  study  of  reactions  in  solid  mixtures.  It  is  often  possible  to 
tain  reliable  information  on  the  composition  and  properties  of  the 
rejaption  products,  and  on  the  mechanism  and  kinetics  of  the  process^  ^  > 
Ly  as  a  result  of  complex,  'dompi^henslve  study  of  the  process  using  t 
several  research  techniques  in  parallel.  •  \ y 

For  these  purposes,  contemporary  laboratory-research  technique 


usually  employs  microscopy  and  microphotography,  thermography,  flu¬ 
oroscopy  and  x-ray  analysis,  electron  microscopy,  selective  solution, 
adsorption  and,  recently,  radioactive  indicators. 

In  the  study,  for  example,  of  polymorphic  transfoz*mations,  crys¬ 
tal-morphological,  crystal- physical  and  physicochemical  research  tech¬ 
niques  are  employed. 

The  crystal-morphological  method  consists  in  measuring  crystals 
of  the  substance  being  investigated  and  establishing  its  syngony  or 
one  form  or  another  of  symmetry  In  a  syngony.  Ascertaining  the  syngony 
enables  us  to  infer,  in  the  majority  of  cases,  the  modification  of 
the  material,  but  measurement  of  the  crystal  angles  is  a  rather  diffi¬ 
cult  task  and  is  possible  in  far  from  all  cases. 

Using  crystal- physical  methods,  we  determine  the  modiflcatiCKi 
from  its  characteristic  physical  singularities:  density,  hardness, 
and  optical,  thermal,  magnetic  and  electrical  properties. 

Finally,  the  physicochemical  research  methods  are  helpful  in  as¬ 
certaining  the  physicochemical  stability  conditions  for  the  existence 
of  a  given  ruodificatlon  or  for  its  transition  into  another  modification 

Contemporary  laboratory  and  industrial  technique  has  at  its  dis¬ 
posal  a  variety  of  other  highly  exact  methods  for  determining  the 
shape  and  size  of  powder  grains,  as  well  as  their  specific  surface 
areas.  These  Include  adsorption,  gravimetric,  ultraaiicroseopic,  elec- 


«nd  Other  nethods 


'■M\ 
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The  eleetron-mleroseopy  method  enables  us  to  determine  the  size  f 

■  ' .  •  ’  .'f 

•  ’  '4-' 

.and  Shape  of  particles  whose  dimensions  lie  in  the  range  from  1  to 
0.004  |i,  while  modem  adsorption  methods  are  quite  applicable  for  grains  I 
from  20  to  0.002  (i.  1 

Instruments  for  photometric  measvurement  of  grain  size  on  the  | 

basis  of  suspension  turbidity*  which  is  a  function  of  the  grain  Surface  f 


area*  have  recently  been  developed  and  put  to  highly  effective  use. 


To  establish  sufficiently  precise*  broad-range  control  over  the 
rates  of  reactions  between  solids  and  the  composition  and  properties 
of  the  products  obtained*  Investigators  engaged  in  study  of  these  re¬ 
actions  have  resorted  frequently  to  grinding  down  the  initial  reagents* 
classifying  them  in  accordance  with  grain  size,  injection  of  various 
types  of  additives  into  the  initial  mixtures  to  change  the  rate  of  the 
process*  preliminary  squeezing  (tabletlng)  of  powdered  reagents  under 
various  pressures*  modem  temperature-control  methods*  pressfoming* 
applying  gas  pressure  and  vacuum  during  the  Reaction  process*  feeding 
currents  of  air  and  other  gases  into  the  reaction  zone*  conducting 
the  reaction  in  the  absence  of  direct  contact  between  the  solid  re¬ 
agents,  and  many  other  expedients  and  techniques  that  have  been  de¬ 
scribed  in  the  literature.* 

It  is  not  the  objective  of  the  present  monograph  to  go  into  de¬ 
tail  on  all  of  these  methods  and  techniques  for  controlling  reactions 
in  solid  mixtures.  Consequently*  we  shall  consider  below  only  the  most 
important  methods  for  investigating  such  reactions. 

$1.  THERMOORAPHI 


As  we  know*  thermography  is  concerned  with  study  of  the  processes 
on  the  basis  of  the  heat  effects  that  accompany  them.  The  heat  effect 
may  serve  as  a  basis  for  Judging  the  temperature  conditions  and  in- 


359 


tensity  of  dehydrstlon^  dissociation,  fusion,  crystallization,  chemical- 
reaction  and  other  similar  processes. 

The  heat  effect  may  be  expressed  In  the  coordinates:* 


temperature  versus  tlme» 

temperature  versus  the  reciprocal  of  heating  rate, 
temperature  difference  (between  the  substance  being  Investigated 
and  a  standard)  versus  time  or  the  same  temperature  dlffez^nce  versus- 
temperature. 

The  last  two  methods  for  expressing  the  heat  effect  ax*e  moat 


satisfactory  for  study  of  reactions  between  solids.* 


Pis  •  97  •  Diagram  of  Kurnakov  pyrosieter 
with  differential  thermocouple.  A)  test 
object;  B)  standard.  1)  Furnace;  2) 
thermostat  for  cold  Junctions;  3,  4) 
mirror  galvanometers;  5)  light  source; 

6)  drum  with  photographic  paper;  7) 
clockwork  mechanism. 

The  automatically  recording  Kurnakov  pyrometer  with  differential 
thermocouple  (Pig.  97,  [419])  is  most  frequently  used  for  this  purpose. 
One  hot  Junction  of  this  thermocouple  Is  placed  In  the  object  of  In- 
vestigation,  for  example,  in  the  reaction  mixture,  and  the  other  In 
a  reference  substance  (usually  in  aluminum  oxide  or  magnesium  oxide 
’  that  has  been  roasted  at  t  >  1000®)  that  does  not  undergo  ar^  notice- 
able  transformations  In  the  temperature  rei^  selected.  The  difference 
I  between  the  tenperatures  of  the  object  and  reference  standard  on  heat- 
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Pig.  98*  Heating  curves,  a)  Kaollnite;  b)  dolo¬ 
mite.  A)  Temperature;  B)  time. 


ing  at  the  same  rate  —  which  arises  due  to  the  conversion  heat  effect 
of  the  object  of  investigation  —  produces  a  difference  between  the 
electromotive  forces  that  are  generated  at  the  terminals  A  and  B  of 
the  differential  thermocouple.  This  produces  a  deflection  of  the  gal¬ 
vanometer  mirror  and,  accordingly,  of  the  beam  reflected  by  the  mirror 
onto  photographic  paper;  since  the  paper  is  secured  to  a  rotating  drum, 
the  path  of  the  beam  traces  out  a  line  on  it.  The  temperature  of  the 
object  is  registered  in  the  same  way  by  a  second  galvanometer  cut 
into  the  circuit  as  shown  in  Pig.  97 • 

Development  of  the  thermogram  produces  two  lines:  1)  the  differ¬ 
ential  trace  and  2)  the  direct  trace  (Fig.  98).  The  occurrence  of  a 
process  accompanied  by  a  heat  effect  in  the  object  of  investigation 
is  Judged  from  the  break  in  curve  1,  while  curve  2  indicates  the 
temperature  of  this  process. 

The  slope  of  curve  2  depends  on  the  relationship  between  the 
heating  rate  of  the  object  and  the  speed  with  which  the  photopaper 
drum  rotates. 

The  differential-temperature-record  method  enables  us  to  fix 
processes  that  are  accmnpanied  by  even  vez^  small  heat  effects.  The 
use  of  automatic  registry  makes  it  possible  to  obtain  the  research 
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results  in  the  form  of  graphic  and  objective  photographic  doetunentSk*  . 

However,  the  accuracy  of  the  results  obtained  depends  on  many  of  ^ 
Jthe  experimental  conditions.  The  errors  that  arise  on  fluctuations  in 
the  chemical  and  granulometric  composition  of  the' object,  its  proper¬ 
ties  (thermal  diffusivity  in  particular),  quantlty*'’>.unlforBlty  of 
mixing,  heating  rate  and  other  conditions  may  be  highly  significant . 

As  a  result,  conclusions  concerning  the  teiig>erature  at  which  a  given 
process  takes  place  on  the  basis  of  thez*mograms  must  be  made  with 
great  caution,  supplementing  the  thermographic  Investigation  with 
chemical,  x-ray  and  microscopic  studies. 

$2.  OZUTOMEHnr 

Taking  advantage  of  the  Jumpwlse  nature  of  the  change  in  the 
thermal-expansion  coefficient  of  a  material  on  a  phase  transformation, 
we  may  conveniently  observe  the  conditions  for  such  transformations 
from  a  curve  of  temperature  versus  the  length  of  a  specimen  of  the 

material  being  studied.  It  was  by  precisely  this 
method  that  Le  Chateller  [420]  succeeded  in 
1889  in  detecting  for  the  first  time  the  enantl- 
otropic  conversion  of  quartz  from  the  ^-  into 
the  a-modificatlon,  and  establishing  the  temperai- 
ture  of  this  process. 

Instruments  of  various  designs  known  as  di- 
latometers  are  used  for  investigations  of  this 
type.  In  a  modern,  highly  sensitive  differential 
dllatometer,  the  change  in  the  length  ^  of  the 
object  being  studied  on  a  change  in  temperature 

Standard;  2)  ob¬ 
ject;  3)  differ-  la  compared  with  the  change,  under  the  same  con- 
ence  between  1 

and  2.  A)  Al_  —  dltions,  in  the  length  1_  of  a  standard  that  .  . 

-  Aio- 

does  not  undergo  phase  transfomations  in  the 

-  362  - 


Pig.  99*  Curves 
of  teiqperature 
versus  length 
change  and  tem¬ 
perature  versus 
length-change 
difference.  1) 


t«iqptrature  region  selected.  Automatic  registration  of  the  difference 
between  the  length  changes  of  the  standard  and  the  test  object  (4^  •» 
1  enables  us  to  establish  the  teiqperature  t^  of  the  phase  trans- 
'fornatlon  fron  the  break  ln'>.the  curve  of  versus  t  and.  the  vertical 
segment  on  the  curve  of  *-  4^)  versus  t  (Pig.  99)* 

In  the  case  of  a  two^phase  mixture,  we. may.  knowing  the  coeffi¬ 
cients  of  linear  expansion  of  the  two  phases,  also  Torm  a  closely  ap- 
proxlmete  Inference  from  the  curve  ^  versus  t  as  to  the  relative  con¬ 
tent  o*  each  of  them  In  the  mixture. 

As  we  know,  methods  based  on  the  change  In  the  coefficient  of 
voluiwtric  expansion  of  materials  and  distinguished  by  high  accuracy 
are  widely  used  in  practical  physicochemical  and  physlcomechanical 
reseirch.  In  the  chemistry  of  solids,  however,  these  methods  have 
highly  limited  applicability  because  of  the  difficulty  Involved  In 
sel<cting  a  liquid  medium  stable  at  high  temperatures  for  immersion 
of  he  substance  being  investigated.' 

S3  COMPLEX  THERMAL  ANALYSIS 

In  connection  with  the  frequently  encountered  necessity  of  mak- 
ig  comprehensive  studies  of  solid-state  reactions,  methods  for  slmul- 
4ineous  complex  investigation  of  solids  that  have  recently  undergone 
uccessful  development  are  highly  promising. 

These  methods  inqlude.  for  exaiqple.  the  so-called  complex  thermal 
analysis,  which  was  developed  and  used  in  one  variant  by  Voronkov 
(see  Reference  [421])  and  in  another  variant  by  Keler  and  Kuznetsov 
[422.  423]. 

As  we  know,  comparison  of  the  differential  heat-effect  curve 
with  curves  showing  the  change  in  the  volume  and  weight  of  the  body 
being  Investigated  under  the  same  conditions  is  In  many  cases  suffi¬ 
cient  to  form  a  basis  for  Judgments  as  to  the  processes  taking  place 


In  it.  In  practice,  however,  such  comparison  is  frequently  unrelleblf. 
as  a  result  of  the  fact  that  even  comparatively  small  differences  in  ' 
■the  experimental  conditions  (preparation  of  material,  size  of  weighed 
specimen,  heating  rate,  and  so  forth)  may  result  in  significant  shift-  ; 
Ing ;  of  the  'temperature-versus-propertyvcurvesw  ? s’’ ' 

The  technique  and  apparatus  for  complex  thermal  analyais  developed 
by  Keler  and  Kuznetsov  make  it  possible  during  the  course  of  an  ex-  :iv  i  t 

periment  (for  example,  a  reaction  in  a  solid  mixture)  to  register  the 

« 

thermal  effects-,  volume  change  and  weight  change  of  the  specimens 
simultaneously  on  the  photopaper  drum  of  the  Kurnakov  pyrometer.  Here, 
the  changes  in  the  linear  dimensions  of  the  specimen  (for  which  marks 
are  made. prior  to  the  experiment)  are  transmitted  to  an  optical  sys¬ 
tem  for  photographic  registration. 

Side  by  side  with  the  specimen  for  the  shrinkage  and  heat-effect 
determinations,  an  Identical  specimen  is  suspended  from  a  balance  arm 
for  determination  of  the  weight  change.  The  displacement  of  .the  beam 
from  the  arm  mirror  is  also  directed  to  the  drum  of  the  Kurnakov  pyro¬ 
meter. 

Figure  100  shows  the  results  of  an  investigation  carried  out  by 
Keler  and  Kuznetsov  [422]  into  the  process  in  which  barium  carbonate 
reacts  with  titanium  dioxide.  Comparison  of  the  curves  obtained 
separately  for  TlOg  and  BaCO^  (Pig.  100,  A)  with  the  heating  curves  of 
their  mixture  (Fig.  100,  E)  enables  us  to  note  the  following: 

a)  retention  of  the  BaCO^  shrinkage  in  the  mixture  at  teiqperatures 
fran  600  to  800®  and  endothermic  effects  in  its  polymorphic  transfor¬ 
mations  (at  835  and  970-980®)  and 

,  b)  a  drop  in  the  dissociation  ten^erature  of  BaCO^  in  the  presence 
of  TlOg,  the  exothermic  reaction  forming  barium  tltanate  (at  tenpera- 
tvres  from  1100  to  1140®),  which  is  accompanied  by  a  sharp  change  in 
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Pig.  100.  Results  of  eosqplex  thernal  Investigation 
of  process  In  which  barlun  carbonate  reacts  with 
titanium  dioxide.  A)  Initial  reagents;  a^^,  b^)  BaCO^; 

a2)  TIO2;  e)  heat  effect;  B)  formation  of  barium 

tltanate;  a)  change  In  spedjsen  length;  b)  weight 
loss;  c)  heat  effect.  1)  Change  In  specimen  length 
and  weight  loss  In  ft. 


the  volume  of  the  material,  and  sintering  of  the  barium  tltanate  that 
has  forred  (when  the  te]iq;>erature  Is  raised  to  1150^). 

The  clarity  of  the  results  obtained  provides  a  convincing  descrip¬ 
tion  of  the  properties  of  the  method  described  here. 

$4.  X-RAT  DIFFRACTION  STUDY 

During  the  last  13-20  years,  widespread  use  has  been  made  of  x-ray 
methods  for  structural,  phase  and  dispersion  analysis  In  studying 
reactions  between  solid  substances.  As  we  know,  x-rays  appear  when  a 
beam  of  cathode  rays  strikes  a  metallic  obstacle  (anticathode) .  Since 
the  wavelengths  of  x-rays  (from  100  to  0.1  A)  are  of  the  same  order  as 
the  distance  between  the  structural  elements  (for  example,  atoms)  of 
a  crystal  lattice,  such  rays  are  diffracted  when  a  beam  of  them  strikes 
a  crystal;  each  element  of.  the  lattice  or,  strictly  speaking,  each 
electron  of  Its  atoms,  becomes  a  center  of  vibration  when  subjected 
to  the  action  of  the  rays  and  emits  x-rays  In  all  directions.  These 
waves  display  Interference. 

As  was  shown  by  yul*f,  the  pattern  formed  when  x-rays  are 
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scattered  by  a  crystal  siay  be  in- :  :  : 
terpreted  as  the  result  of  Interne-  : 
tlon  of  rays  reflee  ted  ;Jby  .thejtordl-  \ 
nary  laws  of  mirror  ref lection  from 
mutually  parallel  planes  of  the 
crystal  lattice. 

Pig.  101.  Scattering  of  beam 

of  x-rays  by  crystal  [lllus-  Let  a  parallel  beam  of  x-rays 

tratlng  derivation  of  Equa¬ 
tion  (188)].  NS  N",  ...  (Fig.  101)  of  wavelength 

X  strike  a  system  of  parallel  planes  ...  of  a  crystal  that  are 

separated  from  one  another  by  a  distance  d.  Forming  a  glancing  angle 
i>  with  the  planes  P^,  ?2*  forth,  these  rays  are  reflected  at 

points  B«  C,  and  so  forth.  In  the  direction  M.  When  the  reflected  rays 
Interfere,  they  will  naturally  be  amplified  In  those  cases  where  the 
path  difference  A1  Is  a  multiple  of  the  wavelength. 

Since  the  line  AB  ("beam  front")  Is  perpendicular  to  the  direc¬ 
tion  of  N'  and  N",  then  «  BC  —  AC. 


We  have  from  the  right  triangles  CBD  and  ABC 


and 


5Ccos  2d  3=  — cm  21 

.I.* 


from  which 


M  -  BC-AC  =  sifl  1. 

tint 


(188) 


According  to  the  above,  amplification  of  the  beams  takes  place  when 

(189) 


where  n  Is  an  Integer  (the  order  of  the  reflection) . 

The  Intensity  of  reflection  Is  highest  with  n  •  1  and  diminishes 
rapidly  as  n  Increases. 

If  we  direct  a  beam  of  "white"  or  heterogeneous  (with  regard  to 
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if«v«l«ngth)  x>r«ys  at  a  crystal  C  and  place  a  photographic  plate  be-  - 
hind  the  crystal,  a  series  of  regularly  spaced  spots  will  appear  on  f/ 
the  plate  after  development  (Pig.  102).  The  central  spot  0  Is  the 
track  of  tha'm-raya  that  have  passed  through  the  crystal  without  de-.; 
flection.’  The  spots  and  T2>  which  are  arranged  symmetrically  about 
the  central  spot  0,  are  the  traces  of  rays  that  have  been  reflected 
by  the  atoa4c  planes  of  the  crystal  and  Intensified  by  Interference. 
The  symmetry  of  the  crystal  may  be  determined  from  the  arrangement  of 
these  spots  and  their  Intensity,  l.e.,  we  may  establish  the  type  of 
Its  space  lattice.  When  monochromatic  x-rays  (consisting  of  waves  of 
the  same  length)  are  directed  at  the  crystal,  they  form,  on  striking 
one  of  the  atomic  planes,  a  central  spot  0  representing  the  primary 
beam  on  the  photographic  plate  and  a  weaker  spot  T,  which  Is  the  ra> 
suit  of  reflection.  It  follows  from  Equation  (189)  that  when  such  a 
beam  of  rays  strikes  a  fixed  crystal,  the  angle  0  may  be  such  that  no 
reflection  at  all  takes  place.  However,  If  we  rotate  the  crystal  slow¬ 
ly,  each  plane  of  Its  lattice  will  successively  form  all  possible 
angles  with  the  angle  of  Incidence  of  the  beam.  These  angles  naturally 
always  Include  angles  (Fig.  103)  at  which  the  necessary  reflection 
condition  [Equation  (189)]  will  be  observed. 

It  Is  necessary  to  have  available  a  single 
crystal  of  the  material  to  be  Investigated  in  order 
to  obtain  x-ray  patterns  by  the  fixed-crystal  and 
rotating- crystal  methods.  In  running  reactions  In 
solid  mixtures,  however,  we  are  obliged  to  deal 
with  conglomerates  or  growths  consisting  of  a  large 
number  of  fine  crystals  In  disordered  orientation 
to  one  another.  Their  x-ray  diffraction  patterns  are  obtained  by  the 
so-called  powder  method,  the  principle  of  which  reduces  to  the  follow- 
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Fig.  102.  Dia¬ 
gram  of  fixed- 
crystal  Biethod. 


Ing.  A  cake  or  powder  consisting  of  many  crystals  Is  placed  between 
a  source  of  monochromatic  x> radiation  and  a  photographic  plate.  On  the 
plate,  we  obtain  a  series  of  concentric  circles,  each  of  which  is  the 
result  of  reflection  of  the  rays  from  a  certain  definite  systea  of 
parallel  planes  (e.g.,  the  planes  of  a  cube,  octahedron,  or  oth«r 
figure)  present  In  each  of  the  crystals  of  the  powder  or  cake. 

In  work  by  this  method,  the  substance  to  be  studied  Is  rubbed  to 
a  fine  powder  that  will  pass  without  residue  through  a  screen  having 

O 

10,000  or  16,000  holes  per  1  cm  ,  and  placed  In  the  center  of  a 
cylindrical  chamber  In  the  form  of  a  column  0.3-2  mm  In  diameter;  the 
photographic  film  Is  applied  to  the  Inside  surface  of  the  chamber  (Plg. 


'■f 

i 


■1 


104). 


'  _  '  Pig.  105.  Cones  formed  by  re¬ 
flected  x-rays  (powder  method).  • 

An  x-ray  that  has  passed  throuj^  the  narrow  slit  Into  the  chamh 


ber  strikes  one  of  the  planes  of  the  crystal  at  an  angle  d  and  la  r«- 
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flMttd  in  a  certain  direction.  This  ray  forms  an  angle  d  with  a 
nuBdMr  of  other  planes  as  well.  As  a  result »  a  cone  of  reflected  rays 
fonss  with  its  anls  coincident  with  the  primary  ray. 

Since  the  same, ref lection  takes  place  at  angles  of  20,  and 
so  forth,  th^ u  satisfy  Equation  (189),  we  obtain  a  series  of  cones 


whose  common  axis  is  the  direction  of  the  primary  ray  (Pig.  103). 

Their  track  on  a  flat  plate  forms  a  series  of  concentric  rings  (Pig. 
106),  and  when  the  film  is  bent  into  the  shape  of  a.cylinder,  a  series 


of  lines  where  the  cones  intersect  the  cylinder  (Pig.  107). 


The  position  of  the  lines  on  an  x-ray  diffraction  pattern  depends 


on  the  distance  d  between  the  planes  of  the  crystal .  If  the  radius  of 
the  film  is  r  and  the  distance  from  a  given  line  of  the  x-ray  pattern 
to  the  center  of  its  central  spot  is  1,  then 


»  _  I 

from  which 

w 

(190) 

Substituting  the  value  of  sin  d  in  Equation  (189),  we  may  easily  de¬ 


termine  the  lattice  parameter  d. 


Pig.  106.  X-ray  diffrac¬ 
tion  patcem  of  copper 
powder,  recorded  on  flat 
plate. 


As  for  the  relative  intensity  of  the 
lines,  this  is  determined  primarily  by 
the  positioning  of  the  atoms  in  the  ele¬ 
mentary  cell  of  the  lattice. 

As  a  result  of  the  above,  each  sub¬ 
stance  has  its  own  peculiar  configuration 
of  the  positioning  and  relative  intensities 
of  the  lines  on  its  x-ray  pattern.  Thus, 
the  x-ray  diagram  may  be  regarded  as  an 
"x-ray  identification  card"  that  repre- 
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'Flft.  107.- X-ray  diffraction  j>att*m  of  carMda '' V- 
deposit  In  high-speed  stef)l«  recorded  on  flla.  ' 

'■  w.,  "  ■ 

sents  a  xmlque  definition  of  the  crystalline  eonpoi;^.^^ 

The  x-ray  identification  patterns  of  several  thousand  aubstances 
are  known  at  the  present  tine.  '  O  , 

Comparison  of  the  x-ray  patterns  of  a  specinen  being  investigated 
and  standard  substances  enables  us  primarily  to  establish  their 
presence  in  this  object.  Comparison  of  the  intensities  of  the  nost 
characteristic  lines  of  the  object  and  standard  enable  us  to  deter¬ 
mine  quantitatively  the  content  of  the  given  material  in  the  object 
(the  ratio  of  these  intensities  is  proportional  to  the  content  of  the 
corresponding  substance  in  the  object). 

The  data  from  x-ray  analysis  may  be  used  to  detenaine  the  dimen¬ 
sions  of  the  crystals  composing  the  materials  being  investigated. 

This  is  highly  Important  for  many  branches  of  technology. 

The  possibility  of  detexnnining  the  dimensions  of  stxnictural  ele¬ 
ments  (atoms,  ions)  of  a  crystal  lattice  with  the  aid  of  x-ray  analy¬ 
sis  is  of  particular  interest. 

The  atomic  radii  of  metals  may  be  determined  directly  from  x-ray 
analytical  data  by  halving  the  experimentally  established  interatomic 
distance.  Thus,  the  shortest  distance  between  the  attxns  in  the  stxnic- 
tures  of  copper  and  magnesium  is  2.33  and  3.2  A,  respectively,  from 
which  we  have  the  radius  of  the  copper  atcnn  as  1.27  and  that  of  the 
magnesium  atom  as  1.6  A.  As  concerns  the  dimensions  of  the  various 
elements  in  an  ionic  lattice,  it  is  impossible  to  determine  these  in 
the  general  case  from  x-ray  anmlysis,  mince  the  distance  d  between 
adjacent  planes  is  equal  to  the  sum  of  their  radii  in  the  case  of  con- 

-  370  - 


taet  b«tw«*n  an  anion  and  a  cation. 

Hotravar,  tha  dlataneaa  batwaan  tha  planaa  of  a  crystal  consisting 
of  axtramaly  small  cations  and  large  anions  are  detanalnad  by  the  sizes 
of  tha  latter:  In  this  case,  tha  anions  are  In  contact  vltlr  one  another 
while  the  cations  are  situated  In  the  vacant  spaces  between  them.  Thus, 
the  Interatomic  distances  Hg>Se  •  2.73  and  Mn>Se  -  2.73  are  the  same, 
even  though  the  nmnganese  Ion  Is  larger  than  the  magnesium  Ion.  We  may 
compute  fi'om  this  the  radius  of  the  anion  [the  radius  of  the  divalent 
selenltmi  Ion  Is  (2.73  1.92].  However,  knowing  the  radius  of 

any  one  Ion.  we  may  use  the  values  of  the  interplane  distances  d  In 
various  lattices  containing  this  Ion  to  compute  the  radii  of  other 
Ions. 

This  circumstance  was  exploited  at  one  time  by  Qol 'dslvnidt  [9]. 
who  determined  the  radii  of  many  Ions  on  the  basis  of  values  for  the 

o 

radii  of  P  ■  1.33  A  and  0  «=  1.32  A,  which  had  been  obtained  by 

Vazashem  on  the  basis  of  refract ometrlc  data. 

X-ray  structural  analysis  Is  one  of  the  most  highly  perfected 
methods  for  the  study  of  transformations  that  are  accompanied  by  crys¬ 
tal-lattice  changes.  As  a  consequence,  it  is  particularly  helpful  in 
Investigation  of  polymorphic- transformat ion  processes,  processes  in 
which  chemical  compounds  form  and  In  which  solid  solutions  appear  and 
decay. 

The  Importance  of  the  x-ray  methods  for  study  of  reactions  in 
mixtures  of  solids  Is  difficult  to  overstate. 

New  and  extensive  possibilities  for  research  into  these  reac¬ 
tions  have  been  opened  as  a  result  of  the  development  and  mastery  of 
x-ray  apparatus  that  enables  us  to  conduct  and  record  observations  at 
high  teiqperatures  [424-426].  This  Is  important  primarily  because  when 
a  substance  cools  prior  to  recording  of  an  x^^ray  pattern,  changes  In 
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its  stzvetur*  ar*  possible.  . 

.  v\,^„  The  use  of  Ionization  methods  for  registering  x»ray  esiiaslon 
enables  US  to  reduce  the.  exposure  by  a  factor  of  several  hundred  as 
coB^x^  with  the  conventional  photographic  method  —  another  extreme¬ 
ly  lmportant.!polnt. "  ''i  V":"' 

The  apparatus  for  ionization  x-ray  Investigation  of  processes 
taking  place  at  high  tengperatures  (which  la  represented  schematically 
In  Pig.  108),  consists  of  an  x-ray  source  (x-ray  tube),  a  gcmlcmieter. 
a  high- temperature  furnace,  an  x-ray  receiver  (gas  anpllfler),  an 
electrcxnetrlc  direct-current  amplifier  and  a  recording  device.  Using 
such  an  apparatus  to  investigate  the  high- temperature  processes  re¬ 
lated  to  the  foz*matlon  of  cement  clinker,  Toropov,  Konovalov  et  al. 
[427,  428]  discovered  a  number  of  new  facts  and  demonstrated  the  hl^ 
effectiveness  of  the  apparatus  as  applied  to  processes  of  this  type. 


Fig.  108.  Apparatus  for  x-ray  l(x>- 
Izatlon  study  of  matter  at  high 
temperatures.  1)  Source  of  x-rays; 

2)  ground  specimen  or  rod;  3)  re¬ 
ceiver;  4)  electron  tube;  5)  pho¬ 
tographic  drum;  6)  lamp;  7)  gal¬ 
vanometer;  8)  power  unit. 

55.  .KLECTROK-WCROSCOPE  INVESTIOATIOM 

Due  to  Its  wave  nature,  a  flux  of  electrons  that  is  Intereepted 
by  s'  diffraction  lattice  or  some  other  obstacle  Is  subject  to  diffrao- 


tlon  Just  like  a  beam  of  ll^t. 

Here,  Equation  (l8$),  in  which  wavelength 
la  inveraely  proportional  to  the  maaa  and  ve¬ 
locity  of  the  electrona  and  la  determined  by 
the  equation 

JL.n  i/*!?  ?  .  * 

where  V  la  the  voltage  of  the  accelerating 
field  In  volta,  remalna  valid. 

At  electron  velocities  corresponding  to 
the  field  voltages  customarily  used  In  appara¬ 
tus  for  electron-microscopic  study  (10^-10^ 
volts),  wavelengths  X  -  1  to  0.04  A  correspoid 
to  the  wavelengths  of  the  most  frequently  used 
x-rays.  As  a  result,  the  diffraction  pattern 
obtained  as  a  result  of  reflection  of  the 
beam  of  electrons  by  a  crystal  is  quite  analo¬ 
gous  to  the  pattern  obtained  when  x-rays  are 
diffracted. 


Fig.  109 •  Diagram 
showing  formation 
of  Image  of  object 
of  study  In  mag¬ 
netic  (a)  and  elec¬ 
trostatic  (b)  elec¬ 
tron  microscopes. 


This  opens  broad  possibilities  for  Investigation  of  crystalline 
materials  with  the  aid  of  the  electron  microscope. 

Since  the  waves  of  electron  beams  are  many  times  shorter  than 
light  waves,  the  magnifications  attainable  In  this  Instrument  con¬ 
siderably  exceed  those  obtained  In  an  ordinary  optical  microscope. 

At  the  present  time,  electron  microscopes  exist  that  are  capable 
of  producing  200,000-fold  magnifications  and  forming  Images  of  objects 
23-30  A  across. 

The  so-called  electron  gun.  In  which  a  thin  tungsten  wire  Is  heat¬ 
ed  In  a  high-voltage  field  (3O-IOO  kv)  In  a  vacuum  of  the  order  of 
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10”^-icr5  ]Mrcury»  serves  as  the  source  of  electrons.  ,  4  » 

The  electron  flux  passes  through  a  narrow  diaphragm,  after  which 
It  Is  pro^cted^^  tihe  object  C,  (Pig.,  109)  ■  by  «  condansing  electi^  ; 
magnatic  or.  alactrostatle  lens  1.  On  emerging  from  the  obJeet  C,  • the 
electron  rays  pass  through  the  objective  and  projecting  elect roBiagnetle.>f^ 
or  electrostatic  lenses  2  and  3,  which  function  to  produce' ah./alectrpn  1 
image  of  the  object  being  examined.  A  screen  that  becomes  . fluorescent  I 

when  bombarded  by  electrons  or  a  photographic  plate  ^s  placed  in  the 
plane  of  this  final  image. 

The  electron-diffraction  pattern  is  obtained  here  by  the  use  of 
simple  accessories.  Measurement  of  the  distances  between  the  rings 
and  their  relative  intensities  on  the  electron  diagram  (which,  in 
general,  has  much  the  same  appearance  as  the  powder  diagram)  enables 
us  to  obtain  exact  identification  of  the  substances  examined. 

The  diffraction  of  an  electron  beam  may  also  be  used  even  without 
an  electron  microscope  to  obtain  the  electron  pattern  of  a  substance, 
which  characterizes  the  most  important  properties  of  Its  structure. 

This  technique  possesses  certain  essential  advantages  over  the 
x-ray  diffraction  method.  With  considerably  less  powerful  apparatus 
and  much  shorter  exposure  times,  which  are  reckoned  in  seconds  and 
fractions  of  a  second,  the  electron  diagram  may  show  sharper  lines 
than  the  x-ray  pattern.  This  is  accounted  for  by  the .more  Intensive 
effect  of  the  electron  beams  on  photographic  emulsion  as  compared 
with  x-rays  and  the  possibility  of  more  perfect  monochromatization 
of  the  bean. 

Certain  specific  properties  of  the  electron  beam  limit  the  range 
of  its  application.  The  fact  is  that  it  is  subject  to  considerably  ' 

'  ’  .'■I 

more  Intense  scattering  and  absorption  than  a  beam  of  x-rays.  The 
probability  of  elastic  collision  between  an  electron  and  an  atcmi  is 


10  '  tlM8  higher  than  the  correapondlng  probability  for  x-raya.  ^ua, 
getting  a.diatihet  electron-bean  diffraction  pattern  requirea  only  a 
few  aurface  layera  of  a  cryatal,  while  x-rays  require  tena  and  even 
hundreds  of  layera  for  the  same  objective.  ^  , 

As  a  result  of  the  intensive  scattering  and  absorption  of  the 
electron  beam  by  the  first  layers  of  matter,  these  beams  are  capable 
of  penetrating  into  the  material  only  to  a  very  small  depth:  where  an 
X-ray  passes  to  a  depth  of  1*10  mm,  an  electron  beam  is  capable  of 
penetrating  only  to  1*10“^  ran. 

As  a  result,  electron  beams  are  used  only  for  the  investigation 
of  surfaces,  thin  (e.g.,  oxide)  films  and  ciryatalline  substances  that 
form  thin  platelets . 

$6.  IIMERSION  MEraOD 

The  simplest  and  quickest  method  of  phase  analysis,  and  one  that 
has  long  been  used  in  study  of  so-called  solid- phase  processes  is  the 
immersion  method  for  determining  the  optical  constants  of  crystals. 

It  enables  us  to  distinguish  not  only  between  materials  of  differing 
chemical  composition,  but  also  between  different  modifications  of  the 
same  substance'.  The  use  pf  this  method  is  not  limited  by  complexity 
in  the  composition  of  the  object  being  investigated  and  is  frequently 
found  very  helpful  in  cases  where  it  is  difficult  to  get  an  unequivo¬ 
cal  answer  by  chemical  analysis. 

The  essence  of  the  immersion  method  consists  in  microscopic  ob¬ 
servation  of  the  powdered  substance  on  its  immersion  into  various 
liquids  with  known  refractive  indices  that  are  easily  checked  with  the 
aid  of  refractometers. 

If  the  refractive  indices  of  the  material  studied  and  the  liquid 
are  equal,  the  boundary  between  them  is  invisible.  Otherwise,  the 
appearance  and  displacement  (toward  the  medlxim  with  the  higher  refrac- 
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,tiv«  Index)  of  •  bright  band  (the  so-called  Becke  bands)  when  the 
microscope  tube,  la  raised  serves  as  a  basis  for  judging  whether  ;the 
object  of  fnvjastlgat Ion  has  a  larger  or  smaller  refractive  Index  as 
coiiy>ared  with  the  liquid  In  which  it  Is  immersed. 

Selecting  two  liquids  whose  optical  properties,  differ  very  slight 
iy  from  one  another,  with  the  refractive  index  Nj|^  of  one  somewhat 
larger  and  the  index  Ng  of  the  other  somewhat  smaller  than  the  refrac¬ 
tive  Index  Ny  of  the  material  examined,  we  may  assume  with  a  certain/' 
degree  of  accuracy  that 


Obviously,  a  single  determination  of  the  disappearance  boundary 
will  be  sufficient  to  find  the  refractive  index  of  isotropic  substanc¬ 
es.  Birefringent  crystals  require  two  different  devices  for  the  prin¬ 
cipal  indices  of  refraction,  which  correspond  to  "extinctions"  of  the 
preparation  between  crossed  Nlcol  prisms.  In  this  case,  a  polarization 
microscope  Is  employed. 

The  procedure  of  the  immersion  method  is  described  In  the  special 
papers  of  Belyankln  [429],  Bokly  [430]  and  other  authors.  Here,  it  is 
only  necessary  to  stress  the  great  importance  of  immersion  study  of 
crystals  In  converging  polarized  light,  which  permits  easy  determina¬ 
tion  of  their  optical  natuz^. 

Ing>rovement8  to  the  Immersion  method  that  have  recently  been  in¬ 
troduced  Into  laboratory  practice  (monochromatic  light  filters,  tem¬ 
perature  control  and,  accordingly,  control  of  the  standard- liquid  re¬ 
fractive  Index  during  the  observations)  have  simplified  this  method 
considerably  and  Improved  Its  accuracy. 

57.  ISOTOPB  METHOD 

Modem  solid-state  chemistry  takes  advantage  of  the  isotopy  of 
elements  with  great  effectiveness  for  various  types  of  research. 
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We  are  Indebted  to  Kheveshi  [75]  for  Introduction  of  the  radio*  I 
.  active* laotope  method  for  study  of  the  processes  that  take  place  In  :  J 
.solids.  Using  radium  D  and  thorium  B  as  radioactive  Isotopes  of  lead,  -I 
Kheveshi  applied  this  method  In  an  Investigation  of  self*dlffu8lon  In,  I 
metallic  lead  and  Its  halides.  Subsequently,  the  radioactive- Indlcatcir^'  '! 
method  or,  to  use  another  term,  the  tagged- atom  method,  has  undergone 
extensive  development  with  the  synthetic  preparation  of  radioactive 
Isotopes  of  almost  all  the  elements.  At  the  present  time.  It  Is  being 
used  successfully  for  study  of  the  mechanism  and  kinetics  of  chemical 
reactions,  corrosion  of  metals,  adsorption  and  catalysis,  as  well  as 
for  Investigation  of  friction,  mechanical  wear,  and  many  other  pro¬ 
cesses  In  a  wide  variety  of  disciplines. 

"This  new  path  of  chemical  research,"  remarked  Brodskly  [^31] 
correctly  In  1951,  "Is  one  of  the  most  Important  and  promising  In  con¬ 
temporary  science.  Extremely  important  results  have  been  obtained  with 
It  in  a  very  short  time.  It  can  be  predicted  with  confidence  that 
further  progress  in  chemistry  and  kindred  sciences  will  In  the  future 
be  Intimately  related  to  the  development  and  widespread  application  of 
the  tagged-atom  methods." 

These  methods  are  based  on  two  singular  properties  of  radioactive 
atoms;  a)  prior  to  their  decay,  their  chemical  behavior  shows  virtual¬ 
ly  no  differences  from  the  behavior  of  their  nonrad loactive  Isotopes 
and  b)  on  decaying,  the  radioactive  atoms  emit  energy  that  can  be  ob¬ 
served  with  comparative  ease. 

This  energy  may  be  used  as  a  basis  for  determining  extremely 
small  quantities  of  a  radioactive  substance  (for  example,  lOT^^  of 

lOl 

radioactive  Iodine  —  I  ^  ).  Thus,  these  methods  are  characterized  by 
exceptionally  high  sensitivity. 

The  essence  of  the  Isotope  method  In  Its  application  to  the  study 
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% ’  Of  diffusion  In  solids  reduces  to  the  folloMlng.  A  thin  layer  of .radio- 
,^'^a  material  Is  applied  to  the  surface  of  the  body  to  be  Inv^istlgat- 
ed.  Then  the  rate  . of  penetration  of  the  radioactive  atoms  into  the 
i  solid  Is  measuired  by  determining  the  radioactivity  at  various  depths 
?i:  In  It  at  various  Intervals  of  elapsed  tlsie,  ;  ;  .  V"  ^ 

Here  It  Is  frequently  possible  to  limit  the  activity  determinations 
as  follows:  a)  at  various  Intervals  of  time  at  a  given  depth  or  b)  at  * 
various  depths  at  a  given  point  in  time. 

Various  methods  and  apparatus  are  employed  to  measure  the  radio¬ 
activity  or,  more  precisely,  a  quantity  that  Is  proportional  to  It 
and  thereby  characterizes  it  (it  is  quite  difficult  to  measure  the 
true  activity  of  a  preparation) .  In  practical  work  with  tagged  atoms, 
the  most  widely  used  techniques  are  the  various  variants  of  the  ioniza¬ 


tion  method,  which  is  based  on  the  ionization  of  molecules  in  a  gaseous 


:l 


medium  that  is  triggered  by  radioactive  radiation. 


Fig.  110.  Diagram  Fig.  111.  Diagram  of 

of  ionization  Oeiger>-Mueirer  counter, 

method  for  measure¬ 
ment  of  radioactiv¬ 
ity. 


Fig.  112.  Counter  tube.  1)  Glass; 
2)  metallic  case.  A)  Filament. 
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The  principle  of  this  method  Is  clear  from  Fig.  110.  The  elec- 
;,trode8  A  and  B(  which  are  connected  to  a  current  source  E,  are  9itu-  ,  j 
ated  in  dry  air,  which  does  not  conduct  current.  Consequently,  the  j 

circuit  is  open  and  the  needle  of  the  galvanometer  0  la  on  zero;  When  Vi 

■  ■'  '  W' i' 

the  air  is  ionized  by  radiation  passing  through  it,  a  current  which  ia  .  i 
indicated  by  the  galvanometer  and  depends  on  the  activity  of  the  radi-  1 
ation  will  flow  in  the  circuit. 

Ionization  chambers,  Qeiger-Mueller  counters  and^counter  tubes, 
which  are  described  in  detail  in  the  specialized  literature  [432,  433], 
are  based  on  this  principle. 

A  schematic  diagram  of  a  cylindrical  Qeiger- Mueller  counter  is 
shown  in  Fig.  111.  The  metallic  filament  A,  which  is  connected  to  the 
positive  terminal  of  the  current  source  E,  is  located  in  the  metal 
cylinder  B,  which,  as  Indicated  on  the  diagram,  is  negatively  charged. 

The  ionization  of  the  gas  molecules  in  the  cylinder  B  as  a  result  of 
radiation  gives  rise  to  a  strong  current  pulse.  After  minor  amplifica¬ 
tion,  this  pulse  may  be  registered  or  transmitted  to  a  relay  which 
operates  a  mechanical  counter. 

One  typical  variant  of  the  counter  tube,  of  which  we  make  exten¬ 
sive  use,  is  shown  in  Fig.  112. 

Normally,  only  part  of  the  radiation  strikes  the  counter.  It  is 
necessary  to  take  particular  account  of  this  fact  in  measuring  the 
activities  of  solids.  This  is  because  the  radiation  losses  and  the 
resulting  errors  of  determination  in  these  cases  depend  not  only  on 
the  design  of  the  counter  and  the  absorption  of  part  of  the  radiation 
by  its  walls,  but  also  on  partial  absorption  of  the  rays  by  the  pre¬ 
paration  layer  and,  consequently,  on  its  thickness,  position  and  other 
such  experimental  conditions.  To  obtain  reproducible  results,  there¬ 
fore,  it  is  necessary  either  to  maintain  strictly  a  definite  thickness 
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and.  position  of  the  preparations  Investigated  or  to  dissolve  thin  : 
Isyers  of  then  before  determining  the  activity* 

'  01  ven  thesi^. conditions,  the  relative  error  of,  the  determinations 


r 


normally  does  not  exceed  20^*  * 
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Fig.  114.  Self >dif fusion 
in  silver:  activity  dis¬ 
tribution  after  diffusion 
for  “10  days  at  802°.  D  « 

-  3.97*10“^®  cn^-sec”^. 

A)  Specific  activity  In 
pulses  per  minute  per  mg; 

B)  depth  of  penetration 
111  sn. 


Pig.  113.  Self-diffusion  of  y-lron. 
a)  I  -  f(x);  b)  in  AI  -  f(:^).  A) 
Pulses  per  minute. 


The  activity  of  the  layer  renoved 
(without  converting  it  to  solution)  nay 
be  determined  by  measuring  the  integral 
activity  of  the  specimen. 

Since  the  specific  activity  ^  of  a 
thin  layer  at  depth  x  is  proportional  to 
the  concentration  of  diffused  stems  In 
it,  the  diffusion  equation  may  be  written 
In  the  form 


iix,  t): 


.  Jil* 

JC— 


,  .-sur  (192) 

where  t  is  the  diffusion  tlTO,  1^  Is  the 
initial  specific  activity  of  the  ap¬ 
plied  radioactive- Isotope  layer,  a  Is 
tjie  thickness  of  this  layer  and  D  Is  the  coefficient  of  diffusion. 
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Q  tm  mttftn"*"  i"" 

Pig.  115.  Self.dlf fusion  in 
silver:  o,  •)  points  of  left 
and  right  segments  of  cui^e 
of  Fig.  Il4,  respectively. 

A)  Specific  activity  In 
pulses  per  minute  per  mg;  B) 
square  of  distance  frcmn  co¬ 
ordinate  origin  In  mm. 


Assxunlng  that  the  speelfle  ac¬ 
tivity  of  the  n^**  layer, 
equal  to  the  difference  between  the 
Integral  activities  of  the  speelisen 
before  and  after  removal  of  the  layer 
^n  +  1^'  obtain 


lnA/s|ri(/.  -  /,4.,) 


_iiL  .  t„_V* 


(193) 


from  which 


A)  . 

Hu* 


(194) 


where  a  Is  the  Inclination  of  the 
2 

line  to  the  x  -axis  as  given  by  Equa¬ 
tion  (193). 

A  diagram  of  In  ^  f(x)  may  be 


constructed  by  graphic  differentiation  of  the  experimental  curve  of 
I  versus  x  (Fig.  113)* 

On  the  whole,  however,  the  results  obtained  may,  in  accoj^dance 


13S0  mo  uso  1050  S50  out* 


Fig.  Il6.  Self-diffusion  coef¬ 
ficients  of  Y-lron  as  a  function 

of  [110].  A)  log  D,  cm^/sec; 

B)  l/Prt.-lo'*. 


with  the  objectives  of  the  study, 
be  represented  in  various  coor¬ 
dinates:  specific  activity  versus 
distance  from  tagged  surface  of  • 
body  (Fig.  Il4),  specific  activity 
versus  square  of  distance  from  this 
surface  (Pig.  113),  diffusion  co¬ 
efficient  versus  the  reciprocal  of 
absolute  temperature  (Fig.  116) 
and- other  combinations. 

The  dlagrM  of  Fig.  114  uses 
the  coordinates  activity  versus 
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distance  to  represent  self>dlffusion  data  on  radioactive  silvert  a 
thin  layer  of. which  was  placed  between  two  layers  of  nonactive  silver 
1^34,' 435)  •  ••  ■  V 

V  In  the  coordinates 'activity  versus'  square  of  distance,  the  sane 
experimental  pointsvlle  on  a  straight  line  in  accordance  with  !Equa»  .  ^ 

ti«i  (193)<  -■  '•  ■ 

:  ■  .V-.  1.  ■  , 
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See,  for  example,  V.V.  Boldyrev,  Netody  Izuchenlya  klnetlkl 
termicheakogo  razlozhenlya  tverdykh  vesheheptv  (Methoda 
for  the  Study  of  the  Kinetics  of  Thermal  Beconqposltlon  of 
Solids],  Izd.  Tomskogo  unlverslteta  [Publishing  House  of 
Tomsk  University],  Tomsk,  1958;  Eksperlmental'naya 
tekhnlke  1  metodam  vysokotemperatum.  lasledovanly  [Ekpex*l» 
mental  Technique  and  Research  Methods  for  High  Temperatures], 
Tp,  soveshch.  po  eksper.  teknlke  1  metody  Issledovanlya  prl 
vysoklkh  temperaturakh  [Transactions  of  Conference  on  Ex¬ 
perimental  Technique  and  Methods  for  High- Temperature  Re¬ 
search],  Izd.  AN  SSSR  [Publishing  House  of  the  Academy  of 
Sciences  USSR],  Moscow,  1959:  !•£•  Kempbell  (editor),  Tekh- 
nlka  vysoklkh  temperatur  (High- Temperature  Techniques],  IIL 
[Foreign  Literature  Press],  Moscow,  1959. 


360  A  detailed  survey  of  studies  that  have  been  made  on  differ¬ 

ential  thermal  analysis  and  its  applications  particularly 
for  study  of  reactions  in  crystalline  mixtures  was  made  by 
C.B.  Murphy,  Analyt.  Chemistry,  p.  2,  867,  1958. 


362  Essential  improvements  to  the  method  and  technique  of  ther¬ 

mographic  analysis  have  been  achieved  recently  in  the  work 
of  Soviet  investigators  (see  L.G.  Berg  and  M.Sh.  Yagfarov; 
V.P.  Ivanova  and  P.Ya.  Blndul',  Yu.  V.  Sementovskly;  N.L. 
Dllaktorskly  and  L.S.  Arkhangel 'skly,  Trudy  5-go  sovesh- 
chanlya  po  eksper.  1  tekhn.  mlneralogll  1  petrologli  [Trans¬ 
actions  of  the  Fifth  Conference  on  Experimental  and  Technical 
Mineralogy  and  Petrography],  Izd.  AN  SSSR,  Moscow,  1958). 
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See,  for  example,  V.V.  Boldyrev,  Metody  izuchenlya  klnetlkl 
termieheekogo  razlozheniya  tverdykh  veshehestv  [Methods* 
for  the  Study  of  the  Kinetics  of  Thermsl  Decomposition  of 
Solids],  Ixd.  Tomskogo  unlversiteta  [Publishing  House  of 
Tomsk  University],  Tomsk,  1958;  Eksperlmental 'nays 
tekhnike  i  metodam  vysokotemperatum.  issledovaniy  [Experi¬ 
mental  Technique  and  Research  Methods  for  High  Temperatures], 
Tr.  soveshch.  po  eksper.  teknlke  1  metody  issledovanlya  prl 
vysokikh  temperaturakh  [Transactions  of  Conference  on  Ex¬ 
perimental  Technique  and  Methods  for  High- Temperature  Re¬ 
search],  Izd.  AN  SSSR  [Publishing  House  of  the  Academy  of 
Sciences  USSR],  Moscow,  1959:  I>E.  Kempbell  (editor),  Tekh- 
nlka  vysokikh  temperatur  [High- Temperature  Techniques],  IIL 
[Foreign  Literature  Press],  Moscow,  1959. 

A  detailed  survey  of  studies  that  have  been  made  on  differ^ 
entlal  thermal  analysis  and  its  applications  particularly 
for  study  of  reactions  in  crystalline  mixtures  was  made  by 
C.B.  Murphy,  Analyt.  Chemistry,  p.  2,  86?,  1958. 

Essential  Improvements  to  the  method  and  technique  of  ther¬ 
mographic  analysis  have  been  achieved  recently  in  the  work 
of  Soviet  investigators  (see  L.O.  Bf rg  and  M.Sh.  Yagfarov; 
V.P.  Ivanova  and  P.Ya.  Blndul',  Yu.  V.  Sementovskiy;  N.L. 
Dilaktorskly  and  L.S.  Arkhangel 'skiy,  Trudy  3-go  sovesh- 
chaniya  po  eksper.  1  tekhn.  mineralogll  1  petrologii  [Trans¬ 
actions  of  the  Fifth  Conference  on  Experimental  and  Technical 
Mineralogy  and  Petrography],  Izd.  AN  SSSR,  Moscow,  1958). 
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Chapter  9 

RESULTS  OF  INVESTIOATIOK  OF 
THE  MOST  IMPORTANT  REACTIONS  IN  SOLIDS 

§1.  SINGLE- COMPONENT  SYSTQe 

Let  us  consider  the  properties  of  certain  slngle-con^onent  sys¬ 
tems  that  are  of  great  Importance  for  technical  chemistry  of  solids. 
These  systems  include  SIO^*  Ti02>  Zr02>  AlgO^,  Cr^Oy  ^^2^3  cer¬ 
tain  others . 

Silicon  Dioxide 

Silicon  dioxide  is  capable  of  existence  In  various  crystalline 
modifications.  Numerous  investigations  have  been  devoted  to  their 
study  (see,  for  example,  1403»  ^04,  436-442]),  and  a  considerable 
number  of  these  have  been  published  only  during  the  last  5-7  years. 

The  contradictory  nature  of  the  results  obtained  in  many  of  these  in¬ 
vestigations  and  the  inadequate  study  that  has  been  devoted  to  the 
properties  of  certain  modifications  of  silica  (and  trldymlr.e  in  par¬ 
ticular)  enable  us  to  Judge  its  polymorphic  transformations  only  with 
limited  thoroughness. 

The  basic  (first-order)  modifications  are,  as  we  noted  earlier, 
quartz,  trldymlte  and  crlstobalite.  Each  of  these  may  exist  in  the 
form  of  different  (for  example,  o,  p)  forms  or  subvarieties,  which 
are  normally  known  as  second-order  modifications. 

The  temperature  ranges  of  existence  of  quartz,  tridymite  and  crls- 
toballte  were  first  established  by  Fenner  [436]. 

Quartz  is  stable  at  tertperatures  below  670°.  ¥hen  o-quartz. 


Which  crystalllzM  in  the  hexagonal  eysten,  la  cooled.  It  undait(oa8^  /;<f^^^^ 


an  enantiotropic  transformation  Into  the  low.teinperatux*e  quartz. 


The  teflq>erature  of  this  transition  Is  573' 


At  a  temperature  of  about  900°,  quartz  Is  transformed  Into 
crlstoballte.  in  the  presence  of  a  mineralizer,  the  process  In  which 
crlstoballte  becomes  tridymlte  takes  place  simultaneously;  the  latter 
Is  stable  In  the  temperature  range  from  870  to  1470^  (according  to 
certain  sources  [437]*  formation  of  crlstoballte  In  the  temperature 
region  of  stability  of  tridymlte  Is  also  Impossible  without  a  mineral¬ 
izer)  .  ^us,  the  formation  of  crlstoballte  Is  an  Intermediate  step 
in  the  reversible  process  of  transformation  of  quartz  Into  tridymlte. 

The  existence  of  three  forms  of  the  latter  has  been  reliably 
established;  these  are  the  a-,  5-,  and  y-forms,  although  the  litera¬ 
ture  also  contains  references  to  fourth  and  fifth  forms  of  tridymlte 
[438],  as  well  as  the  opinion  that  tridymlte  cannot  be  regarded  at 
all  as  an  Independent  modification  of  silica  [439]. 

The  transitions  of  tridymlte  from  the  y-  to  the  3-  and  from  the 
3-  to  the  a-  forms  are  reversible.  When  tridymlte  Is  heated,  the 
tenperatures  of  these  transformations  are  respectively  117  and  163^ 
(according  to  (437)  113-117°  and  158-163°) »  and  on  cooling  they  occur 
at  73-71°  and  151-147°  [437]. 

At  a  temperature  of  1470°,  tridymlte  Is  transformed  Into  o-crls- 
toballte,  which  goes  over  Into  3-crl8toballte  at  200-270°.  The  3  -»  a- 
crlstoballte  transformation  point  depends  on  the  grain  size  of  the 
original  quartz  and  the  time  for  which  It  Is  held  at  high  temperature.. 

With  two  hours  of  holding  at  1200°  and  grain  sizes  of  7-10,  24- 
28,  104-125  and  I8O-280  m>/  the  transformation  tenperatures  of  crlsto-  ~ 
ballte  from  the  3-  to  the  o-form  are  respectively  250. 5,  23$. 8,  208.3 
and  ^11.2°  [4371. 
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Crlstoballte  that  has  been  produced  at  tenperaturea  below  1450-  . 
1470^  la  netaatable  and  laotrople,  ao  that  prior  to  the  detailed  re^ 

•  * **  •  N 

aearehea  of  Belyankin,  many  authora  took  thia  variety  of  aillea  for 
quartz  glaaas  above  1450-1470^,:  atable  aniaotroplc  (at  normal  tenqpera- 
ture)  criatobalite  la  formed  [403]. 

Crlatoballte  nelta  at  1713° •  The  cooled  melt  forma  an  amorphoua 
laotz>oplc  quartz  glaaa.  The  latter,  in  addition  to  Ita  optical  lao- 
tropy,  poaaesaea  a  low  thermal-expanalon  coefficient  that  varlea 
little  with  temperature,  high  electrical  resistance  and  good  permea¬ 
bility  for  ultraviolet  light.  All  of  this  renders  quartz  glass  an  ex¬ 
tremely  valuable  material  for  engineering. 

In  accordance  with  what  we  have  said  above,  the  polymorphic  tzwis- 
formatlons  of  silica  may  be  represented  by  the  following  scheme: 
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*  on  heating. 

**  Depends  on  grain  size  of  original  quartz. 

l)  Metastable  a-crlstoballte;  2)  mineralizer; 

3)  quartz;  4)  trldymlte;  5)  crlstoballte;  6)‘ 

melt  -  quartz  glaaa. 

The  structures  of  all  the  modifications  of  silicon  dioxide  en¬ 
compassed  by  this  scheme  have  not  yet  been  studied  In  detail,  although 
It  la  known  that  all  of  them  are  constructed  from  SIO^^  tetrahedra  con¬ 
nected  with  one  another  In  such  a  way  that  an  oxygen  atom  Is  shared 
by  two  tetrahedra:  this  la  the  way  In  which  the  composition  SIO2  la 
formed.  The  dlTferences  between  the  structures  of  the  various  modlfl- 
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pig.  117 •  Diagrams  showing  con¬ 
figuration  of  SiO^  tetrahedra. 

a)  In  ^-quartz;  b)  in  cristo- 
balitej  c)  in  tridymite. 


cations  reduce  to  the  differences 
in  the  relative  positions  Of  the 
SiOh  tetrahedra  in  then.  Bfaturally* 
the  energy  effect  of  the  proooss 

,  .-,v  V--- 

in  which  silica  goes  fi*om  one  nbdl- 
flcatlon  to  another^  i.e.«  the 
work  of  rebuilding  its  lattice,  ' 
depends  on  this  difference. 

This  accounts  for  the  primary 


formation  of  cristobalite  from  ^-quart^.  It  follows  from  Pig.  117  that 
the  transformation  ^-quartz  cristobalite  requires  only  "straighten¬ 
ing"  of  the  SiOj^  tetrahedra,  while  the  transition  to  tridymite  inquires 
further  that  they  be  rotated  through  l80^  about  the  axis  of  symsMtry. 
Transformations  within  the  framework  of  a  given  modification  of  silica, 
such  as  a  ^  ^  Y-tridymite,  involve  only  less  significant  changes  in 
the  way  in  which  the  SiOj^  tetrahedra  are  conibined  (chiefly,  changes 
in  angles) .  It  is  precisely  for  this  reason  that  such  transformations 
require  the  expenditure  of  small  quantities  of  energy  and  take  place 
readily  at  relatively  low  temperatures. 

The  properties  of  the  various  silica  modifications  differ  . 
greatly  from  one  another  (Table  38). 

This  applies  in  particular  to  the  coefficients  of  thezwl  ex¬ 
pansion  of  silica.  When  silica  passes  from  one  modification  to 
another  during  heating,  a  stepwise  change  takes  place  in  the  volume 
of  the  specimen  being  tested.. Thus,  the  quartz  a-quartz,  a- quartz  S 
^  o-tridymite  and  a-trldymlte  o-cristoballte  transformations  are 
accompanied  by  volume  changes  of  2.4,  12.7  and  4.7^,  respectively.  On 
thejbasls  of  dllatometrlc  stu<ty  of  silica,  this  last  circumstance  ei^ 
abl|»s  us  to  draw  inferences  as  to  the  temperatures  of  its  polymorphic 


transformations  and,  to  soma  degree,  even  concerning  the  extent  of  Its 
transformation  Into  the  other  modification  under  various  conditions. 
The  aeouraoy  of  determinations  of  this  type,  however.  Is  highly  rela¬ 
tive  if  only  because  the  linear  exjpansibn  of  the  specimen  depends 
on  the  conditions  of  the  experiment 


TABLE  38 


Properties  of  Modifications  of  Silica 
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1)  Modification:  2)  crystalline  system;  3)  spe¬ 
cific  gravity;  4)  refractive  Indices;  5)  true 
heat  capacity  in  kcal/kg-degree ;  6)  temperature 
region  of  stability  in  degrees:  7)  quartz;  8) 
tridymite;  9}  crlstobalite;  10)  quartz  glass 
(melt);  11)  trigonal;  12)  hexagonal;  13)  rhombic; 
14)  tetragonal;  13)  cubic;  I6)  amorphous. 


The  melting  points  of  the  individual  varieties  of  silicon  di¬ 
oxide  show  essential  differences.  Here,  the  following  general  rule  is 
observed  (page  154):  The  more  stable  phase  has  the  higher  melting 
point.  The  arrangement  of  the  silica  modifications  in  order  of  increas¬ 
ing  melting  point  corresponds  to  this  rule:  quartz,  tridymite,  cris- 
tobalite. 

The  heating  and  cooling  curves  of  silica  enable  us  to  fix  the 
appearance  of  the  heat  effects  that  take  place  on  its  polymorphic 
transformations  and  hence  to  infer  the  temperatures  of  these  trans- 

r 

formations.  Using  modern  research  methods  and  precision  Instruments 
such  as  the  vacuum  adiabatic  calorimeter  [437],  we  may  observe  even 
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Fig.  118.  Differential 
heating  curve  of  ^quartz 
(after  Fenner),  l)  Tem> 
perature  In  degrees. 


I 


very  small  changes  In  the  test  specimen  during  these  proeeasea.  ! 

Figures  llS  and  119  show  the  breaks  on  the  thermal-effect  curves 
at  the  transition  points  of  quartz  (D a)  and  trldymlte  P)  and 

It  has  been  established  by  Isolation  roasting  of  quartz  grains 
of  different  sizes  that  at  temperatures  of  lOOO-lkOO*’,  grains  2-3  In 
size  form  for  the  most  part  crlstoballte,  while  grains  of  sizes  from 
125  to  147  p.  form  trldymlte  preferentially. 

It  has  become  known  [403*  404,  437>442]  that  small  quantities 

'  l 

of  certain  mineralizers  (such  as  calcium  and  magnesium  oxides,  titanium 
dioxide,  carbonates  of  lithium,  sodium  and  potassium,  and  sodium 
tungstate)  vigorously  promote  the  polymorphic  transformations  of 
silica.  The  mechanism  by  which  they  ect,  which  Is  undoubtedly  related 
to  the  appearance  of  a  liquid  phase  In  the  system,  has  not  yet  been 
finally  established.  On  the  other  hand.  It  has  been  established  [44o] 
that  the  polymorphic  transformation  of  quartz  Is  Inhibited  consider¬ 
ably  In  the  presence  of  even  very  small  quantities  (less  than  1%  on  1^  ) 

the  SIO2)  of  aluminum  oxide. 

The  p'olymoriAilsm  of  silica  may  Influence  the  kinetics  of  reac- 
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tlons  In  crystalline  mixtures  containing  this  oxide  (the  so>called 
Khedval  effeet)^ 

However,  the  practical  Importance  of  Its  transformations  Is  aaso- 
elated  chiefly  with  their  enormous  significance  in  the  production  and 
use  of  one  of  the  most  important  refractory  materials  —  Dinas. 
Zirconium  Dioxide 

Zirconium  dioxide  is  encountered  In  nature  in  the  form  of  the 
mineral  baddeleyite,  which  usually  contains  80-90^  and  in  some  cases 
as  much  as  99$^  of  Zr02*  This  and  almost  all  other  natural  zirconium 
compounds  (zircon,  which  is  zirconium  orthosilicate,  and  more  complex 
zirconium  silicates)  normally  contain  a  small,  quantity  (from  0.1  to 
of  an  isomorphic  hafnium  dioxide  impurity.  It  is  extremely  diffi¬ 
cult  to  separate  the  latter  from  the  Zr02*  and  its  presence  renders 
study  of  this  oxide  quite  difficult  (it  is  shown,  for  example,  in  the 
work  of  Berezhnoy  and  Karyakin  [444]  that  many  conclusions  as  to  the 
polymorphic  transformations  of  Zr02  have  been  inaccurate  as  a  result 
of  Its  polymorphism  with  Hf02) •  Consequently,  certain  properties  of 
Zr02  cannot  be  regarded  as  having  been  definitely  established;  this 
also  applies  to  certain  other  zirconium  compounds. 

It  has  been  established  with  certainty  ([445,  446]  and  others) 
that  Zr02  exists  In  two  modifications:  a  monocllnic  for..!  that  is 
stable  at  tenperatures  below  1000°  and  a  denser  pseudocubic  (tetra¬ 
gonal)  modification  that  forms  at  this  temperature  (according  to 
some  sources  [447],  at  teirperatures  from  930-1040°).  The  transition 
from  the  monocllnic  modification  to  the  tetragonal  modification  is 
acconpanled  by  a  decrease  of  approximately  7%  in  the  volume  of  the 
Zr02  ami  is  enantlotroplc.  According  to  Kon  and  Tol'ksdorf  [448], 
tetragonal  zirconium  dioxide  Is  transformed  into  cubic  at  1900°,  and 
the  latter  undergoes  an  enantlotroplc  transformation  into  another 
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variety  at  625®.  ^ 

The  scheme  of  all  these  transformations  may  be  summarized  as 
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^  1)  Monocllnlc;  2)  tetragonal;  3)  cubic. 

All  these  modifications  of  ZrOg  possess  a  deformed  CaF2-type 
lattice. 

Monoclinic  zirconium  dioxide  has  a  specific  gravity  of  5.7  g/cin'^, 

a  mlneraloglcal- scale  hardness  of  6.5,  and  refraction  as  follows: 

N  ■  2.2,  N  «  2.19,  N  =2.13.  The  rather  contradictory  figures  ob- 
g  m  p 

talned  by  various  investigators  for  the  melting  point  of  ZrOg  He  be¬ 
tween  2585  and  2950®.  The  vapor  pressure  of  this  oxide  at  high  tempera¬ 
ture  Is  very  low;  it  amounts  to  ~6’10~^  mm  at  2000®  and  -I6  mm  Hg  at 
3000°,  and  its  boiling  point  Is  4300®. 

Zirconium  dioxide  is  used  in  engineering  as  a  thermostable  ma¬ 
terial  that  resists  mechanical  damage  and  various  types  of  chemical 
attack  at  very  high  temperatures.  As  a  result,  the  transition  described 
above  from  its  monocllnlc  to  its  tetragonal  modification  is  of  great 
practical  significance:  it  takes  place  quickly,  is  acconqpanled  by 
shrinkage  on  heating  and  expansion  on  cooling,  and  causes  deformation 
of  Zr02  articles. 

References  (444,  447,  449-453]  and  many  others  have  been  devoted 
to  study  of  this  transition  and  ways  to  prevent  it  (stabilization  of 
the  pseudocublc  form  of  Zr02).  The  methods  described  In  these  papers 
for  stabilization  of  pseudocublc  Zr02  are  based  on  the  formation  of 
this  oxide  with  addition  to  It  of  the  structurally  similar  oxides 
CaO,  NgO,  ^2^3*  ^^2  other  solid  solutions  of  the  cubic  systoi 
(CaF2  type)  that  are  stable  over  a  wide  temperature  range.  The  acqulsl- 
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tlon  of  stable  solid  solutions  Is  governed  here  by  the  relative  slmlr 
Isrity  between  the  cation  radii  of  the  oxides  added  and  the  radius  of 

Jl  ^ 

the  Zr^  Ion  (0.82  A).  As  regards  Its  chemical  properties,  ZrOg  would 
more  likely  be  classified  as  ah  acidic  than  as  a  basic  oxide;  Even  at 
high  teiqperatures,  this  oxide  Is  practically  inert  with  relation  to 
a  very  large  number  of  substances.  It  does  not  react  with  fused  me^ls, 
silica,  silicates  or  feldspar  at  temperatures  below  2000^.  Caustic 
alkalis  and  acids  (except  for  concentrated  H2S0j^  and  HP)  do  not  attack 
It.  It  does  not  undergo  chemical  changes  in  an  oxidizing  atmosphere. 

It  is  assumed  [4l4]  that  partial  transition  of  ZrO^  into  the  lower  zlr> 
conlum  oxides  —  ZrgO^  and  ZrO  —  is  possible  in  a  reducing  atmosphere, 
but  the  existence  and  properties  of  these  oxides  have  not  yet  been 
established.  The  reaction  of  zirconium  dioxide  with  carbon  at  tempera* 
tures  above  1900^  results  in  the  formation  of  zirconium  carbide  (but 
only  on  the  surface  in  the  case  of  sintered  ZrO^). 

Aluminum  Oxide 

Aluminum  oxide  Is  one  of  the  most  widely  distributed  oxides  on 
Earth.  In  nature,  it  is  encountered  in  the  form  of  the  anhydrous 
mineral  corundum  (a-alumlna)  and  hydrated  minerals  (chiefly  bauxite). 
The  precious  stones  ruby  and  sapphire  represent  varieties  of  corundum 
that  have  been  colored  by  trace  impurities  of  oxides  of  chromium,  iron 
and  titanium. 

Pure  corundum  Is  encountered  relatively  rarely  under  natural  con¬ 
ditions.  The  tremendous  demand  of  metallurgy  and  other  branches  of 
technology  for  aluminum  oxide  Qf  good  purity  are  being  satisfied  at 
the  present  time  by  its  production  from  bauxites,  nepheline  and 
other  alumina-containing  rocks  by  the  so-called  wet  alkali,  dry  al¬ 
kali  (sintering)  and  other  processes  k35). 

Artificial  corundum  is  produced  on  an  Industrial  scale  by  electric 
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smelting  of  technical  alumina  or  bauxite  [456]V  ••  well  as  by  aMltlhg^V 

.  ■  ■  ■ 

chemically  puM  aluminum  oxide  In  the  ojcyhydrogen^gas' flame  (437];  f  ; 

properties  of  aluminum  oxide  are  of  great  pract.leal  interest ;y 

As' a  result,  marily  Studies  (167,  446,  438-462]  haVe 'Wen  devoted  to  ■ 

‘  .•  ;  •  .  .. 

study  of,  among  other  things,' Its  transformations  on  heatings  Certain 
of  these  results  that  touch  upon  polymorphic  modifications  of  Al^Oj 
are  contradictory  and  not  sufficiently  reliable.  Data  exist  on-the 
formation  of  five  or  even  six  modifications  by  aluminum  jxlde:  a, 

Y»  7*»  d*  and  i  (the-  moat  Important  are  characterized  In  Table  39). 

However,  the  existence  of  only  two  Independent  modifications  of 
alumina  can  be  regarded  as  actually  having  been  demonstrated;  these 
are  a-  and  y-AlgO^.  Modifications  of  AIO(OH)  also  correspond  to  these. 
Y-AlgO^,  which  crystallizes  In  the  cubic  system  (a  -  7.90  A)  and  has 
a  specific  gravity  of  3.6  (according  to  other  sources  3.42  and  3^47), 

Is  most  simply  prepared  by  roasting  hydrargllllte  AlCOH)^  or  bemlte, 
Y<-A10(0H),  to  70O-9OO®.  On  heating  to  a  temperature  above  950-1200® 
(according  to  certain  sources,  above  750®),  Y-AlgO^  undergoes  a  mono- 
tropic  transformation  into  a-alumlna  with  a  14.3^  volume  reduction. 

The  o-modiflcatlon  of  alumina  is  also  obtained  directly  on  heating  of 
diaspora,  a-AlO(OH). 

o-AlgO^  (corundum)  crystallizes  In  the  hexagonal  system  and  has 
a  specific  gravity  of  3.99  (according  to  recent  data  of  Murray  et  al. 
(416),  the  specific  gravity  of  the  a-AlgO^  single  crystal  Is  3.96, 
although  the  specific-weight  value  given  above  for  this  modlflcatl<m 
should  be  regarded  as  mv*’e  accurate).  This  modification  of  AlgO^  Is 
stable  at  all  temperatures.  Figure  20  shows  the  structure  of  Its 
lattice.  This  consists  of  two  successive  layers  of  oxygen  Ions,  which 
form  a  hexagonal  packing,  with  Al^  Ions  positioned  between  the  layers. 
The  distance  between  two  layers  d  -  2.16  A.  The  rhorobohedral  elementary 
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cell  of  the  lattice  Is  characterized  by  the  values  a  «  A  and 
o  ■  55^  17'  and  contains  two  noleculas  of  Figure  120  shows 
the  layer  atructvire  of  spinel  for  cooparison*  C 


TABLE  39 

Characterization  of  Polymorphic  Modifications  of 
Alumina 
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1)  The  group  of  the  so-called  B-alumina  includes 
compounds  of  alumina  with  .alkali  and  alkaline- 
earth  oxides,  of  the  compositions:  Iia20*ll-12Al20^; 

K20*ll-12Al202;  CaO*6Al202;  BaO*6Al20^;  the  con¬ 
stants  are  given  here  for  alkali  B-alumlna. 

2)  When  precipitated  alumina  Is  roasted,  it  under¬ 
goes  transformation  Into  Y*'Al2b^  with  a  progres¬ 
sive  Increase  In  refractive  index  and  specific 
gravity:  N  rises  to  I.696  and  d  to  3.^7.  The  con¬ 
stants  given  In  the  table  (1.736  and  3.6)  for  7- 
alumlna  apply  to  the  distinctly  crystalline 
mineral  obtained  from  the  melt. 

1)  Modification;  2)  system;  3)  habit;  4)  specific 

gravity  In  g/cm^;  5)  refractive  Indices:  6)  rela-. 
tlon  to  heating;  7)  o-alumlna  (corundum);  o) 
hexagonal;  9)  tablets  and  rhombohedra;  10)  melts 

at  2030^;  11)  B-alumina^;  12)  platelets;  13)  be¬ 
comes  a-alumlna  on  roasting  to  1600°;  l4)  y- 

O 

alumina  ;  I3)  cubic;  I6)  octahedra;  17l  undergoes 
transformation  to  a-al\unlna  above' 1200*'. 

B-alumina,  which,  as  noted  by  Belyankin  [463],  always  forms  in 
electrosmelted  and  recrystallized  corundum.  Is  essentially  an  aluminate 
(see  note  to  Table  39)  of  the  composition  R0*6a1202  or  ^0*  11-12  Al20^. 
Its  formation  is  due  to  the  content  of  alkBli-metal  (EBpO  to  0.3)0  Ahd 
alkaline-earth  oxides  as  impurities  in  technical  altsslna. 
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Fig.  120.  Structure  of 
layers  in  lattices  of 
corundum  and  spinel. 


The  properties  of  the  various  fonns 
of  alkaline  ^>alulnlna  hava  been  inveatl*  ^  ^ 
gated  In  detail  by  Toropov  et  al.  [460-462] 
The  Y '-modification  of  Ai^O^y  which 
forms  at  the  electrodes  In  electrolysis  of 
aluminum  oxide,  has  been  the  subject  of 
very  little  study. .It  has  a  crystal  lat¬ 
tice  that  differs  very  slightly  (sliqply 
by  the  presence  of  vacancies)  from  the 
Y-AlgO^  lattice  (Vervey,  1935)  and  Is 
quite  probably  only  the  Y-modlflcatlon 
with  a  defect  crystal  structure. 


In  much  the  same  way,  A-AlgO^#  which  has  been  Identified  by  x-ray 
analysis  and  Is  produced  on  gentle  roasting  of  A1C1^*6H20,  may  be  re¬ 
garded  as  a  degraded  a-form  of  alviminum  oxide:  on  heating  of  6-Al20^, 


TABLE  40 

Change. In  Specific  Gravity  of  6-Al20^  on  Heat¬ 
ing  (for  15  days) 
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3.58 

3.0 

.000 

3.60 

3,65 

1300 

3.9 

1)  Temperature  in  degrees;  2)  specific  gravity; 

3)  x-ray  analysis;  4)  by  direct  determina¬ 
tion. 

Its  specific  gravity  gradually  Increases  (Table  40) ,  and  at  1200^  the 
structure  Is  perfectly  Identical  with  that  of  a-AlgO^  (corundum); 
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htr««  the  total  volume  reduction  Is  about 

It  has  not  been  possible  to  establish  exactly  the  region  of  ex> 
istenee  of  yet  another  form  of  aluminum  oxide,  namely,  the  cubic  I-* 
form  noted  by  Ryshkevieh  [446].  As  regards  .structvire,  however,  (-AlgO^ 
is  perfectly  identical  to  the  a-modificatioh  [438,  439]. 

The  transformations  of  alumina  and  its  hydrates  on  heating  may  be 
represented  by  the  following  scheme: 
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1)  Bayerite  (metastablej ;  2)  hydrarglllltv? 
(glbbslte);  3)  bemlte;  4)  diaspore. 


The  physical  properties  of  the  most  common  and  most  extensively 
studied  a-modlficatlonsof  alumina  and  their  variation  with  tempera¬ 
ture  are  described  in  detail  In  the  literature  [16?,  413,  446,  454, 

433  and  others].  It  is  In^ortant  to  note  in  connection  with  the  phe¬ 
nomena  of  lntez*est  to  us  only  that  although  the  maximum  teny>erature 
at  which  a-AlgO^  is  used  as  a  refractory  material  is  generally  taken 
as  1950®,  its  deformation  under  load  may  intervene  at  1860-1900°  [446, 
464],  and  at  an  even  lower  temperature  In  tne  presence  of  impurities. 

The  vapor  pressures  of  o-aluminum  oxide  at  temperatures  of  236O, 


2410,  2490,  2547  and  2380^  are,  respectively,  6,  I8,  .'22,  50  and  55  nn 
Hg,  while  the  boiling  point  computed  from  these  data- is  2980  ^ 


Chromic  and  Ferric  Oxides  t, 

On  the  basis  of  Its  crystal  structure,  chrranlc  oxide,  which  is . 
widely  eiqployed  In  practice  under  various  names,  would  be  classified 
in  the  trigonal  subclass  of  the  hexagonal  system.  The  eleinentary 
lattice  cell  of  this  oxide  contains  two  molecules  and  has  the  parameter 
3<35  A.  The  color  of  CrgO^  varies  from  greenish  (in  a  fine  powder)  to 


almost  black  (in  large  crystals).  Its  density  Is  3*^2,  Its  hardness 
approaches  that  of  corundum,  and  Its  melting  point  Is  2433^*  CrgO^  Is 
a  semiconductor  and  possesses  paramagnetic  properties. 

According  to  certain  Investigators,  chromic  oxide  may  exist  in 
two  modifications:  y~  and  a~Cr20^,  of  which  the  former,  low- temperature 
form  undergoes  monotropic  transformation  to  the  latter  when  heated 
above  800^.  However,  the  magnitude  of  the  volume  effect  and  a  number 
of  other  characteristics  of  this  transition  are  not  exactly  known. 

Cr202  forms  chromites  with  many  oxides  of  other  metals  (see  $2  of 
Chapter  9);  some  of  these  chromites  are  of  great  Importance  for  the 
technology  of  refractory  materials. 

More  detailed  Information  on  the  physical  and  chemical  properties 
of  chrcxnlc  oxide  Is  available  to  the  reader  in  Edl 's  monograph.* 

Ferric  oxide  is  known  In  the  form  of  three  modifications:  a-,  7- 
and  a-FCgO^;  the  first  two  are  of  great  practical  Importance.  The 
hexagonal  form  of  fi-FegO^  forms  on  oxidation  of  alkaline  solutions  of 
ferro  salts  and  undergoes  monotrOplc  transformation  to  a-FSgO^  at  a 
temperature  of  110^. 

The  metastable  7-modification  can  be  prepared  by  low- temperature 
oxidation  of  magnetic  iron  oxide.  Thus,  like  Fe^O^,  y-Fe^O^  crystml- 
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lizes  In  a  cubic  lattice  of  the  spinel  type  (a  •  8.32  A)  and  has 
ferromagnetic  propez*tie8.  The  dii'fez*ence  between  the  lattices  of 
and  Y-Pe202  reduces  to  the  fact  that  all  points  are  occupied  in  the 
first,  while  in  the  second,  certain  of  the  iron  points  are  vacant. 
Between  and  Fe^O^^  there  is  a  whole  continuous  series  of  sub« 

stances  having  intermediate  compositions;  these  may  be  regarded  as 
solid  solutions  of  Y-FegO^  and  Fe^Oj^.  In  the  Pe-0  system,  however,  . 
only  a  limited  region  of  solid  solutions  is  realized  out  of  this  con- 
tinuous  series  as  a  stable  phase;  this  develops  considerably  only  at 
hi|d^  temperatures. 

According  to  available  data,  FegO^  possesses  a  certain  solubil¬ 
ity  in  Fe^Oj^  (its  range  can  be  indicated  only  approximately);  on  the 
other  hand,  the  magnetic  oxide  is  insoluble  in  PegO^. 

At  a  temperature  of  817®,  Y-FegO^  undergoes  monotropic  transforma¬ 
tion  into  the  a- form  with  a  volume  reduction  of  ^  .5^. 

o^pegO^  possesses  the  rhombohedral  structure  of  corundum  and  is 
the  stable  form  of  ferric  oxide.  Attempts  to  determine  the  melting 
point  of  this  oxide  encounter  difficulties  related  to  its  high  dis¬ 
sociation  vapor  pressure,  which  results  in  formation  of  a  melt  com¬ 
position  intermediate  between  P®2®3 

latter) .  Consequently,  literature  data  on  the  melting  point  of  P®2®3 
must  be  approached  with  great  caution;  it  appears  that  this  tempera¬ 
ture  is  much  higher  than  I6OO®  for  the  pure  oxide. 

According  to  the  most  complete  and  apparently  most  exact  data  of 
Oreyg  [463],  the  dissociation  vapor  pressures  of  FegO^  at  temperatures 
of  1100,  1300,  l400,  1500  and  I6OO®  are,  respectively,  2. 6*10”^, 
15.7*10”^,  0.28,  3  and  25  atmospheres. 

According  to  Qel'd,  Yesln  et  al.,*  the  dissociation- vapor- pressure 
curve  of  FCgO^  has  discontinuities  at  temperatures  of  83O  and  900®  that 

-  399  - 


I  aro  related  to  the  phase  transformations  of  . this  oxide.  There  are  also^ 
references  to  transformations  of  ferric  oxide  at  teiqperatures  below 
•:  -^uti-veiVc^/llttle  .study'has'  been  de'voted  'to  then. v 

1;^.  52.  SFINEUDES  AND  SIMILAR  COMPOUNDS  ; 

M\\  Compounds  of  the  general  formula  MeR20|^,  which  crystallize. In 

the  isometric  system,  are  usually  known  as  splnelldes.  ,  . 

Here,  Me  and  R  are,  respectively,  dl-  and  trl valent  caticms;  in 
the  above  sense,  therefore,  a  spinel Ide  is  a  compound  of  two  oxides: 

Me"*^  0  and  Rg^^  O^- 

Cu,  Be,  Mg,  Ca,  Sr,  Ba,  Zn,  Cd,  Pb,  Mn,  Fe,  Co  and  Hi  most  fre¬ 
quently  figure  as  the  divalent  cations  In  these  compounds.  The  tri- 
valent  cation  Is  usually  Al,  Cr,  Mn,  or  Pe.  Oa,  In,  La,  V,  Sb  and 
others  are  used  more  rarely. 

The  splnelldes  are  characterized  by  a  crystal  lattice  of  the 
cubic  system  that  was  first  studied  In  the  so-called  noble  spinel 
MgAlgO^^.  This  is  a  face-centered  (probably  attmaic-lMilc)  lattice 
with  eight  molecules  In  the  elementary  cell. 


However,  not  all  compounds  that  would  be  classified  as  splnelldes 
on  the  basis  of  their  formulas  (MeRgO^)  crystallize  in  the  cubic  sys¬ 
tem.  Thus,  BeAlgOj^  (crysoberyl)  and  CaCrgO^  have  rhombic  lattices  and 
SrAlgO^  has  a  tetragonal  lattice. 

Oj  i|a^ 

At  the  same  time,  a  number  of  compounds  of  the  type  Ifeg  R^Oj||  or, 
otherwise  written,  2Me‘^0*R' '  ^  'Og,  such  as  MggTlO^,  crystallize  in  the 
spinel  lattice  and  may  therefore  be  classified  as  splnelldes  (Co,  Fe, 
Mg,  Zn  and  other  ions  may  figure  in  this  group  of  edqpounds  as  the 
divalent  cations  and  Ti  and  Sn  as  tetra valent  cabii^).  V: 

■  '  '  ■•  ■■  ■  •  ^  A:*'- 

;  As  a  result.  It  Is  expedient  to  classify  coiqp»ounds  of  both  the.. 

'  '  *  ’  ■  • T  •  '  • 

types  MeO’RgO^  and  ZMeO’ROg  that  crystallize  in  the  Isometric  system 
us  splnelldes. 
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This  Is  the  principle  to  which  we  shall  adhere  below  in  distin¬ 
guishing  among  the  splnelldes:  a)  the  spinels  proper,  which  have  the 
fonsula  lleO*R202  and  a  cubic  lattice  and  b)  certain  other  eoiig>ounds. 

nie  splnelldes  have  acquired  great  Importance  In  technology.  They 
are  used  with  success  In  the  production  of  abrasives,  refractory  ma¬ 
terials,  ceramic  products,  and  mineral  dyes.  Certain  splnelldes  are 
also  of  Interest  as  catalysts  [466]. 

The  crystal  structure  and  crystal- optical,  physlcomechanlcal, 
certain  thermal,  magnetic,  electrical  and  other  properties  of  many 
compounds  in  this  group  have  now  been  studied.  Certain  of  their  pro¬ 
perties,  as,  for  example,  color  (when  spinels  are  used  as  dyes),  melt¬ 
ing  point  (when  they  are  used  as  refractory  and  high- refractory  ma¬ 
terials),  conductivity  (when  they  are  used  as  electrically  insulating 
materials)  and  certain  others  are  of  direct  practical  Interest.  Con¬ 
ductivity  data  may  be  used  for  Indirect  Inferences  as  to  the  Internal 
structure  of  the  spinels  and  their  solid  solutions. 

On  the  basis  of  conductivity,  the  pure  spinels  may  be  classified 
Into  three  groups  [4673:  aluminates,  which  have  very  low  conductivities 
(resistivity  R  at  900°  of  the  order  of  10^  to  10^  ohms-cm),  chromites 
with  medium  conductivity  (at  900°,  R  -  10^  to  10^  ohms-cm)  and  ferrites 

p 

with  rather  high  conductivity  (R^qq  ~  10  to  10  ohms-cm);  magnetite 
Pe^Oi^  has  a  particularly  high  conductivity  on  a  level  with  those  of 

metals . 

It  should  be  noted  that  conductivity  Is  determined  in  aluminates 
by  the  divalent  cation,  and  in  chromites  and  ferrites  (with  the  excep¬ 
tion  of  ferrous-oxide  compounds)  by  the  trlvalent  cations. 

One  of  the  most  Important  properties  of  spinel  systems  Is  the. 
ease  with  which  substitutional  solid  solutions  are  formed  between 
them;  this  Is  due  to  the  similarity  between  the  lattice  parameters  of 
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the  verioue  spinels.  Thus*  unlimited  solubility  of  csrystslllne  . 

HsCrgOji*  PeCr20j^  and  PePe20j^,  etc.*  has  been  established 
[468*  4691.  It  Is  thought  that  alumlnates*  which  have  a  spinel  lattice 
also  possess  unlimited  niutual  solubility.  Chrcssites  and .  ferrites  are 
easily  mlscibiV'^470]*  and  so  forth.*  Certain  spinels  form  solid  solu> 
tlons  with  oxides  of .  tri valent  metals.  Thus*  MgAl20^  forms  such  sol\i-> 
t Ions  with  aluminum  oxide*  and  particularly  readily  with  Its  Y'lQOdl*  . 
flcatlon*  which  has  a  crystal  lattice  closely  similar  to  the  spinel 
lattice. 

As  has  been  noted  on  many  occasions  In  the  literature  [393*  4l4 
and  others]*  the  ability  to  form  solid  solutions  Is  of  great  Impoiv 
tance  in  the  manufactuire  and  service  of  spinel  refractories. 

On  the  basis  of  Vegard's  rule  [73]>  which  has  been  confirmed  for 
a  number  of  spinel  systems  by  experiment  [472]*  It  Is  frequently  as» 
sumed  that  the  properties  of  spinel  phases  are  determined  by  the 
properties  of  the  last  menbers  of  the  series  In  question  and  their 
content  In  the  mixture.  Actually*  this  rule  Is  of  limited  significance 
for  the  real  systems  (see  §1  of  Chapter  2). 

A  significant  Increase  In  the  volume  of  the  crystalline  phases 
is  observed  in  the  synthesis  of  many  spinels  and  In  formation  of 
their  solid  solutions.  According  to  Lovel  [473]*  who  made  a  detailed 
study  of  this  phenomenon  In  vanadium  spinels  and  certain  others*  ex* 
perlments  with  various  Isomorphic  substances  that  form  solid  soluticms 
on  heating  indicated  that  expansion  on  solid-solution  formation  Is  a 
property  of  spinels.  There  Is  as  yet  no  rigorous  theoretical  basis 
for  this  phenomenon. 

An  Important  property  of  the  splnelldes  Is  their  ability  to 
enter  Into  subatltuticn  reactions  (a  large  number  of  such  reactions 
has  now  been  studied).  As  a  result*  we  may  distinguish  three  types 
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TABLE  41 

BAsle  Properties  of  Certsln  Spinels  (395»  467» 
470,  474) 
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In  A;  5)  specific  gravity  In  g/cm^;  6)  hardness; 
7)  melting  point  in  degrees;  o)  nature  of  eon> 
ductlvity;  9}  spinel;  10)  ganlte;  11)  magneslo- 
chromite;  12)  f errochromlte ;  13)  cubic;  14)  elee> 
tronic;  19)  hole. 


of  reactions,  e.g.,  of  alumlnate  spinels  with  oxides  [393): 

1)  alumlnates  and  oxides  fora  four  phases,  such  as 

•  MgO  +  BeAl.d,-*%AlA  +  B«0; 

2)  the  alumlnates  and  oxides  form  solid  solutions,  e.g., 

MgO+NiAlA-(Nl.  Mg)0  !  (Mg,  Xi)AI,(V. 

3)  the  alumlnates  exhibit  full  miscibility,  while  the  oxides 
have  Incomplete  miscibility,  as,  for  example.  In  systems  with  zinc 
oxide. 

A  property  of  many  splnelides  that  Is  of  great  technical  value 
Is  their  high  refractoriness  (see,  for  example.  Table  4l).  This  is 
a  characteristic  of  the  true  spinels  MgAl20|^,  ZnAr202^,  CoAlgO^^,  NlAlgO 
"®“2°4  ^^pl  *  2030®),  MgCr20j^,  PeCr202j,  and  also  of  such  compounds  as 
BeAlgO^,  ,SrAl20j^,  CaCr20^  and  certain  others. 

Here,  splnelides  whose  composition  does  not  Include  easily  re¬ 
duced  or  oxidized  cations  are  quite  stable  under  heating  In  various 
gaseous  media. 

The  properties  of  ccxspounds  of  this  group  are  described  In 


'  *  '  •  - ',  I-  '  *  * 


*re*t(»r  detail.  In  Rfferences  t  395,  ^^6,  472,  473,  475-478]  and 


".O 


i Sane  aplneildea,  chiefly  those  of  complex  eoiqpoaltlon  Incorporate 

.•■  •'«  >- -y' ■  . ;  >•*•■  •  ».  '  .  .  -  ■•■  '  ' 

;.''  lr^  yarlo«iS' dir  and  trl valent  cations  are  encountered  In  nature  In.  ^ 
l-::'.''~^'‘:the:toTii^''i^  nlneralsj  these  Include,  for  exan^le, . plcotlte  {Jig,  Pe)«y?« 
*(41,  Cr)«Oi..  Practically  no  large  deposits  of  pure  spinels  (except  ■ 

■‘T 

for  the  chromites)  are  encountered. 

There  are,  however,  .broad  possibilities  for  producing, them  ar¬ 
tificially  on  the  basis  of  rich  raw-material  resources  that  exist 
both  In  the  Soviet  Union  and  In  many  other  countries.  In  this  connec¬ 


tion,  the  artificial  synthesis  and  industrial  production  of  various 


spinel Ides  are  of  great  Importance  and  have  been  worthy  objects  of 
numerous  research  studies. 

Even  Morozevlch  [479],  working  more  than  60  years  ago,  studied 
the  conditions  of  fozmiation  of  a  number  of  splnelldes  at  high  tempera¬ 
tures.  In  1903- 1905,  Chlrvlnakly  [480]  became  the  first  to  subject 
numerous  data  obtained  on  splnellde  synthesis  diarlng  the  last  century 
to  critical  analysis.  In  the  present  century,  and  particularly  in 
the  last  13-20  years,  studies  In  this  field  have  been  developed  ex¬ 
tensively  and  researchers  of  many  countries  are  prosecuting  them. 

Various  methods  exist  for  producing  splnelldes.  Methods  based  on 
reactions  In  mixtures  of  crystalline  solids  at  high  temperatures  have 
the  greatest  technical  Importance  among  these.  All  splnelldes  known 
at  the  present  time  can  be  produced  with  the  aid  of  such  reactions.  If 
necessary,  practically  pure  substances  can  be  produced. 

At  the  present  time,  many  such  reactions  have  been  studied,  the 
mechanism,  kinetics  and  Intensifying  factors  of  many  of  them  have 
been  investigated  on  the  examples  furnished  by  a  number  of  spinels, 
such  ^s  ZnO'PegO^  (page  157  et  seq.),  MgO'AlgO^  (page  I80)  and  others, 
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th«  multistage,  stepwise  nature  oF  the  processes  in  which  they  form 
has  been  demonstrated «  and  methods  for  industrial  production  of  maiqr 
spinelides  have  been  worked  out. 

Together  with  this,  as  will  become  clear  from  the  exposition  to  '  > 
fOHow,  the  various  spinel  systems  and  the  various  reactions  used  in 
producing  the  spinels  have  not  been  studied  with  the  same  degiree  of  . 
thoroughness.  Some  of  the  pertinent  data  offered  by  the  various  inves* 
tlgators  are  contradiotory  and  some  of  the  experimental  data  are  com> 
promised  by  incompleteness  and  Inadequate  precision.  The  nuiid>er  of 
possible  spinels  has  not  been  exhausted  by  the  compounds  described  in 
the  literature;  it  is  very  large  and  as  yet  far  from  completely  covered 
by  synthesis.  For  exanqple,  spinelides  that  contain  rare-earth  oxides 
remain  virtually  unstudied.  Thus,  there  is  still  much  room  for  research 
in  this  field. 

The  preparation  reactions  of  the  spinelides  will  be  considered  in 
the  separate  systems  below  with  the  object  of  acquiring  a  certain  de¬ 
gree  of  classification  and  for  convenience  in  setting  forth  the  ma¬ 
terial  . 

Systems  With  CuO 

Copper  spinelides  are  unknown  in  nature  in  their  pure  I'ctm,  v;ith 
the  exception  of  crednerlte  CuMngOj^.  They  have  been  pr:duced  synthet¬ 
ically  and  studied  in  connection  with  various  technical  problerris. 

The  formation  temperature  of  these  spinelides  fiom  the  oxides  Is 
comparatively  low,  but  their  synthesis  is  made  difficult  by  the  low 
stability  of  cupric  oxide:  on  heating,  it  is  converted  into  cuprous 
oxide,  and  this  results  subsequently  in  formation  of  compounds  of  the 
type  Cu20*Me202. 

The  formation  and  properties  of  CuAlgOj^  have  been  studied  by 
Khedval  [48l,  482],  Krauze  [483]  and  other  Investigators.  It  has  been 
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established  that  this  reddlsh>brown  coiQpound  crystallizes  In  the  cubic 
system  with  a  lattice  parameter  of  8.064  A.  ^e  temperature  of  Its 
appreclable'^rate  iof  sfonsatlon  Is  900  .  At  this  temperature,  the  yield  y 


of  this  splnellde  in  Krauze's  experiments  was  759^  of  theoit^;  after  .two 


hours .  Excellent  CuAl20j^  crystals  wez^  obtained  in  a  potassluiiwchlorlde'} 
melt.--  :  •  /  /'‘-Cy 


.yy. 


Since  cupric  oxide  converts  qclte  rapidly  Into  CUgO  at  1100^  InJ  ! 
an  air  atmosphere  (by  the.  reaction  4CuO -»  2CU2O  -1-  Og),  the  formation  . 
of  CuAl20|^  Is  studied  in  a  medium  of  pure  oxygen  at  teiperatures  of 
1100^  and  higher. 

Cupric  oxide  reacts ‘moi^e  slowly  with  Cr20^  than  with  aluminum 
oxide.  The  chemical  reaction  between  CuO  and  Cr202  takes  place  at  a 
marked  rate  at  9^0^.  The  product  of  this  reaction,  CuCr20||  (according 
to  certain  sources,  Cu2Cr202^),  is  a  green  compound  of  the  cubic  sys¬ 
tem  with  an  elementary  cube  having  a  side  of  8.34  A. 

The  formation  of  cupric- oxide  ferrite,  which  was  studied  In  de¬ 
tail  by  Nostovlch  and  Uspenskly  [484],  takes  place  at  a  noticeable 
rate  at  60O®  and  rapidly  at  750®.  This  compound,  which  is  brown  In 
color  and  possesses  high  magnetic  susceptibility,  may  exist  In  cubic 
and  tetragonal  modifications.  When  a  mixture  of  ferric  oxide  and 
cupric  oxide  is  heated  to  temperatures  of  80O-9OO®  and  subsequently 
cooled  sharply,  a  ferrite  of  the  cubic  modification  is  produced.  Slow 
cooling  of  the  reaction  mixture  results  in  foz*matlon  of  the  tetragonal 
modification,  which  is  stable  at  350-400®  (cuprous- oxide  ferrite,  which 
foms  at  t  >  1100®,  crystallizes  in  the  hexagonal  system ). 

Copper  spinelldes  are  of  interest  for  metallurgy  (CuPe20j|^)  and 
are  ilso  used  as  ceramic  pigments  (CuFe202^,  CuCr20^)  and  catalysts 

I  j 

(CuCr20j^). 
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Systeiaa  With  B»0  ^ 

Only  .beryllium  eplnellde,  cryeoberyl  (BeAl20j^),  Is  knoim  la, 
nature;  this  le  Infrequently  encountered  In  beryllliim-beerlng  rocks. 

Wnls  compound  can  also  be  synthesised,  for  exsoqple,  by  reacting  BeO  .'Ss,^ 
and  Al20^  In  crystalline  mixtures. 


Pig.  121.  Diagram  of  state  of  AlgO^- 

BeO  system.  A)  Liquid;  B)  per  cent  by 
weight. 

Until  comparatively  recently,  only  the  single  compound  crysoberyl 

was  known  in  the  BeO-AlgO^  system. 

However,  new  compounds  belonging  to  this  system  were  discovered 
and  then  subjected  to  detailed  study  In  1947  and  1956;  BeO’SAlgO^ 

1485,  486]  and  SBeO’AlgO^  [487].  The  properties  of  the  former  are 
described  most  thoroughly  and  accurately  in  the  report  by  Budnikov  et 
al.  [485],  while  the  second  is  described  by  Galakhov  [487].  BBeO'AlgO^ 
possesses  a  mean  refractive  index  H  -  1.720  and  melts  at  1980°  with 
decos^osltlon  into  BeO  and  liquid. 

Crysoberyl  crystallizes  in  the  orthorhombic  system.  Its  uniting 
point  is  usually  taken  as  1870°  1413] .  However,  it  has  been  established 
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by  exporliMnt  that  it  decomposes  into  the  oxideb  even  before  meltli^iA/^^ 
1800^ >  In  view  of  this,  end  as  follows  from  the  dlagz^  of 
Of  the  Ai209>BeO  system  (Pig.  121),  the  liquid  phase  may.  appear 


temperatures  below  187O®  when  crysoberyl  is  heated^  ;  ' 

At  high  temperatures,  the  beryllium  oxide  in  crysoberyl  Isfeaslly 
replaced  by  stronger  bases,  e.g.,  by  magnesium  oxider4l,'  -  ” 

BcO-AlA  +  MgO-*MijO.AlA  +  Be0.^j  ^ 


This  reaction  takes  place  readily  on  heating. of  crystalline  pow« 
dered  mixtures  of  BeAl20|^  with  MgO. 

BeAlgOi^  is  of  a  certain  amount  of  Interest  in  refractory  ceramics. 
Crysoberyl  in  the  form  of  brightly  colored  crystals  is  a  semiprecious 
stone. 


As  yet,  the  technical  Importance  of  other  beryllium  spinelides  Is 
insignificant,  but  the  processes  in  which  they  form  have  nevertheless 
been  studied  on  a  number  of  occasions. 

The  reaction  of  BeO  +  ^^2^3  mixtures  has  been  studied  by 
various  methods.  As  long  ago  as  1916,  Mll'bauer  observed  a  chemical 
reaction  between  these  oxides  under  oxygen  pressure  at  a  tenqperature 
of  48o^.  The  pigment  sorption  minimum  in  the  BeO^CrgO^  system  occurs 
as  low  as  300°,  and  the  maximum  at  600°.  The  formation  of  the  chemical 
conqpound  BeCr202^,  the  chromium  analog  of  crysoberyl,  has  been  estab¬ 
lished  in  the  system;  this  has  the  orthorhombic  crystal  lattice  of 
the  latter  with  parameters  similar  to  it  [488].  A  field  of  primary 
BeCrgOj^  crystallization  is  noted  in  the  ternary  system  with  Cr^O^. 

The  property  changes  of  BeO  +  ^^2^3  on  heating  has 

been  the  object  of  numerous  research  studies. 

Forest 'ye  and  Galan  [489]  obtained  BePegO;^  from  solutions  of 
BeClg  and  PeCNO^)^  by  precipitation  with  aamcmla  and  heating  the 
resulting  precipitate. 
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On  the  besle  of  magnetometric  meaeurenente,  the  authors  estab* 
llahed  that  at  teisperatures  above  620^»  beryllium  ferrite  decomposes' 
into  the  oxides.  In  the  opinion  of  the. authors*  this  compound  possesses 
the  stmettu^  of  lepldocrlte  (according  to  Oil 'pert  and  .Ville  [490]* 
BePegOj^  has  a  structure  of  the  hematite  type) . 

In  contradiction  to  this*  Khyuttlng  et  al.  [491*  492]  and  Yenkel' 
[4931*  proceeding  trom  an  Investigation  of  the  catalytic  effect  of 
BeO  +  ^2^3  decomposition  of  NgO  and  oxidation  of 

CO*  maintain  that  beryllium  oxide  does  not  react  with  ferric  oxide. 

The  investigations  of  Forest 'ye  and  Oalan  are  more  exact.  However, 
In  view  of  the  above  contradictions*  the  process  in  which  BeFegO^i  forms 
should  be  subjected  to  further  experimental  investigation. 

Systems  With  MgO 

Among  the  magnesium  splnelldes*  those  encountered  under  natural 
conditions  are  MgAl20j|j  (spinel)  in  the  form  of  solid  solutions  with 
other  minerals*  MgCrgOj^  In  the  foz*m  of  solid  solutions  with  FeCr202| 
(chromite)*  and  MgFegO^  (magnesioferrite) .  All  of  them*  and  many 
other  splnelldes  of  this  group,  have  also  been  produced  synthetically. 

The  synthesis  and  properties  of  MgAlgO^,  "noble  ;i.inel,"  have 
been  studied  in  greatest  detail.  It  was  synthesized  by  numerous  itiln- 
eraloglsts  as  long  ago  as  the  middle  of  the  XIX  C  rntury.  in  1847, 
Ebel'men  produced  MgAlgO^  from  a  mixture  of  the  oxides  in  the  pre:'ence 
of  BgO^  as  a  process  accelerator. 

The  synthesis  of  spinel  was  subsequently  studied  by  a  number  of 
Investigators  using  dllatometrlc  and  other  methods,  and  the  accelerat¬ 
ing  influence  of  small  additives  (*'2j£)  of  BgO^  and  WO^  was  confirmed. 
However*  Renkln  and  Mervln  [474]  synthesized  MgO'AlgO^  by  fusing  the 
pure  oxides  together. 

Nikogosyan  et  al.  [494-496]  and  Bazilevich  [4751  produced  this 
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eoiwound  by  sintering  clay  with  magnesiiiin  oxide.  These  same  authors 

-■■  -■■vV'.Vv-y;'.,-., '  .  ■  '  . 

were  the  first  to  devote  detailed  study  to  the  properties  of  spinel 
^ a  jrefractbry  material.  Bazilevich  studied  the  sjn^theslji.  of  MgAloO|. 

'"y ''tr<m  chemically -pure  oxides  of  magnesium  ahd  aluminum,,  firing  a  , 
•jv^;-  ;  of  t»wm  at  1300-1750®  without  the 'use  of  any  addl-"^ 


tlves.  The  product  contained  66^  spinel  2  hours' after  the  start  of 
the  experiment  at  1750®.  \ 

The  process  in  which  spinel  fonns  In  a  mixture  of  crystalline 
reagents  was  subsequently  studied  under  various  conditions  by  numerous 
authors.  Here,  It  was  established,  among  other  things,  that  the  process 
takes  place  at  a  noticeable  rate  at  temperatures  as  low  as  1000®  and 
even  lower. 

In  1937,  Feodot’yev  and  Vogman  [497]  made  a  detailed  study  of  the 
course  of  this  reaction  at  1200,  1300,  l400,  1500  and  l600®.  Here,  the 
starting  materials  were  Al(OH)^  and  MgO. 

Microscopic  examination  of  the  products  obtained  as  a  result  of 
two  hours  of  roasting  a  mixture  of  these  substances  In  the  absence  of 
additives  and  In  the  presence  of  BgO^  and  PeCl^  leO  the  authors  to  the 
conclusion  that  when  magnesium  oxide  reacts  with  alumina  the  result  Is 
P-AlgOj  (Table  42) .  The  authors  related  the  formation  of  spinels  and 
the  Influence  of  the  accelerating  additives  to  the  temperature  limit 


of  existence  of  this  compound. 

The  observations  of  Peodot'yev  and  Vogman  are  of  jLntez*est  for  the 
production  technology  of  refractory  materials. 

However,  It  has  been  established  by  other  Investigators,  Includ¬ 
ing  later  ones,  that  the  primary  product  of  the  reaction  between  MgO 
and  AlgO^  Is  spinel,  even  at  temperatures  lower  than  1000®;  3-41^0^ 
on  the  other  hand.  Is  to  be  regarded  In  this  case  only  as  a  aide 

V 

product  of  this  reaction. 
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Xhyuttlng  et  al.  (491)  established  in  an  investigation  of  the 
prooess  in  which  spinel  is  prepared  in  a  mixture  of  with  Y-Al^O^ 
that  the  catalytic  action  of  this  mixture  on  the  reaction  forming  CO2 
from  CO  and  O2  has  a  narrow  but  quite  distinct  region  of  high  activity* 
the  maximum  of  which  corresponds  to  approximately  450^.  A  sharp  drop 
in  this  activity  is  observed  at  temperatures  above  600^.  In  the  inter¬ 
val  between  600  and  700^,  marked  transformation  of  the  reaction  pro¬ 
duct  into  crystalline  spinel  begins. 

In  a  detailed  investigation  of  the  process  in  which  MgALgOi^  forms 
in  a  mixture  of  MgO  with  a-AlgO^,  Yander.  and  Pfister  [498]  state  that 
the  "coating"  period  in  this  process  takes  place  at  temperatures  from 
400  to  300^  (Pig.  122);  they  found  the  hygroscopicity  maximum  for  a 
reaction  mixture  roasted  at  300^.  Heating  the  mixture  to  a  temperature 
of  600°  results  in  formation  of  disordered  reaction  shells  that  grow 
rapidly  when  the  temperature  is  raised  to  800^.  Beyond  this  point*  the 
first  spinel  crystals  begin  to  form*  and  this  is  accompanied  by  a  sharp 
increase  in  the  apparent  heat  of  activation  of  the  dectxnposition  pro¬ 
cess  of  nitrous  oxide  passed  over  the  crystalline  mixture  and  the 
presence  of  a  second  maximum  of  its  hygroscopicity.  These  first  MgAl^Oj^ 
crystals  possess  large  lattice  defects.  Yander  detected  spinel  crys¬ 
tals  in  mixtures  of  MgO  with  AlgO^  at  920^*  using  x-ray  techniques. 

This  is  accompanied  by  a  considerable  drop  in  the  catalytic  activity 
of  the  reaction  mixture*  as  is  shown  by  the  use  of  NgO  and  CO  +  Og 
(curves  4  and  3)  and  in  its  adsorbing  ability.  According  to  Yander 's 
observations*  the  defects  in  the  structure  of  the  spinel  crystal 
lattice  had  vanished  conpletely  when  the  reaction  mixture  was  heated 
to  1000®. 

The  mechanism  of  spinel  formation  from  the  oxides  is  of  great 
interest . 
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1)  Temperature  in  degrees;  2)  phases  found  on 
microscopic  examination  of  mixture-roasting  ■ 
products;  3)  same,  with  addition  of  7$  B^O^; 

4)  same,  with  addition  of  7$  PeCl^;  3)  P-Al20^; 

a-Al202MgO  spinel  (about  10^);  6)  considerable.* 

quantity  of  ^-4126^;  very  little  MgO  spinel;  7) 

p-AlgO^;  NgO;  a-Al202  appears,  with  spinel  (10- 

15^);  8)  O-AlgO^  has  been  converted  to  a-modl- 

flcatlon;  30-4oj^  spinel;  9)  same  phases;  little 
spinel  (about  40^);  10)  same  phases;  13-20)f 
spinel;  11)  same  phases;  about  909K  spinel;  12) 
quantity  of  spinel  has  Increased:  13)  very 
little  p-AlgO^;  50-605^  spinel;  14)  no  O-iOgOj; 

present  are  very  small  amounts  of  a-Al20^  and 

spinel  (83-90$0  ;  13)  no  ^-Al202;  complete  foru 

mat Ion  of  spinel. 


According  to  Vagner,  mass  transfer  Is  effected  In  this  reaction 
by  diffusion  of  the  relatively  small  magnesium  (r  «  0.74  A)  and  alumi¬ 
num  (r  «  0.37  A)  Ions  In  the  spinel  phase,  whose  fixed  framework  Is 
fozmied  by  relatively  large  oxygen  Ions  (r>1.36A). 

The  high-teaperature  qntliesls  of  spinel  was  stiMlled  In  detail 
by  Berezbiioiy  1 39^1,  476,  477]  in  connection  with  Its  use  for  the  pro- 


,  I 


Pig.  122.  Charge  In  properties  of 
MgO  -I-  C1-AI2O2  mixture  in  process  of 

spinel  formation  in  it.  1)  Hygroseop- 
Icity;  2)  apparent  heat  of  activation 
of  CO;  3)  same,  NgO;  4)  catalytic  ef¬ 
fect  on  decomposition  reaction  of  N2O: 

5)  same,  on  reaction  2CO  -i-  O2  2002* 

6)  sorption  of  staining  yellow  pigment; 

7)  formation  of  normal  spinel  crystals. 
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ductlon  of  refractory  materials.  He  established  that  the  formation 
rate  of  HgAl20^  at  temperatures  below  1300^  is  lower  for  mixtures  with 
a-Al20^  than  for  mixtures  with  that  it  is  almost  identi¬ 

cal  in  both  cases  at  higher  temperatures.  The  presence  not  only  of 
the  boron  oxide  but  also  of  iron  oxides  sharply  raises  the  formation 
rate  of  the  spinel.  The  rate  of  this  process  is  also  increased  when  a 
chromite  is  added  to  the  reaction  mixture.  After  two  hours  of  exposure, 
the  starting  oxides  are  converted  completely  into  spinel  at  a  tempera¬ 
ture  of  1500°,  and  this  occurs  at  1350°  in  the  presence  of  iron  oxides 

or  barium  oxide  [sic].  Berezhnoy  and  Slonlmskaya  [476]  investlgiited 

♦ 

the  synthesis  of  magnesium  spinel  and  the  production  of  refractory 
products  based  on  it  from  a  technical  raw  material.  It  was  established 
here  that  a  charge  consisting  of  70  parts  by  weight  of  technical 
aluminum  oxide,  30  parts  by  weight  of  caustic  magnesite  and  2  parts 
by  weight  of  chromite  (Saran'  deposit)  is  optimal  for  producing  spinel 
refractories . 

The  products  obtained  by  roasting  this  charge  at  1630°  consist 
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of  spinel  (85Jt)»  sn  unreacted  mass  (10^)  and  glassNi3)f). 

■S  . [^99]  and  certain  other  authors  have  ^vestlgated  the 
productim  of  aluminum-magnesium  spinel  by  z^placement.  the  iron 
In  FeO'AlgQ^  by  magnesium  in  the  reaction 
•  ^  F«Al.6,-}-MgO-^FeO  +  MgMPi-  -  -.Vs  '  ' 

An  original  thermal  aluminum  method  for  producing  spinel  thati  is 
of  Interest  for  the  production  of  spinel  refractories  was  proposed  in 
1947  by  Pevzner  1 500]. 

The  basic  properties  of  magnesium  spinel  are  presented  In  Table 
4l.  Possessing  a  high  melting  point  (2133^)  and  high  chemical  stabil¬ 
ity,  particularly  (which  is  especially  Important)  with  respect  to  the 
aggressive  action  of  various  molten  materials,  including  metallurgical 
slags,  spinel  is  of  exceptional  interest  for  refractory  technology. 

The  high  hardness  of  synthetic  spinel  (8)  permits  its  use  as  an 
abrasive. 

Finally,  magnesium  spinel  forms  solid  solutions  with  a  number  of 
colored  spinels.  It  therefore  serves  as  the  base  for  producing  certain 
stable  ceramic  pigments.  Their  preparation  has  been  studied  in  detail 
by  Tumanov  [301]. 


TABLE  43 


Reaction  of  Chromic  Oxide  With  Porsterite  at 
Temperature  of  1200°  (change  in  relative  quan¬ 
tity  of  reacted  forsterlte  over  time)  [507] 
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1)  Time,  hours;  2)  phase  composition  of  mixture 
In  Jj;  3)  fraction  of  forsterlte  reacted,  Jj. 
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tion  of  mixture  In  3)  fraction  of  forsterlte 
reacted  In  4)  before  heating. 


A  rather  large  number  of  investigations  has  been  devoted  to  the 
Hg0-Cr202  system  and.  In  particular,  to  synthesis  of  the  splnellde 
MgCr20^  (plcrochromlte)  In  view  of  their  great  technical  lng>ortance. 
niese  studies  Include  those  of  Khedval  1502],  Khyuttlng  1503], 
Bazilevich  [475],  Berezhnoy  [477],  Dilaktorskly  I504]  and  other 
authors . 

Khyuttlng  et  al.  [503]  found  that  catalytic  activity  increases 
in  a  mixture  of  MgO  with  Cr202  at  a  temperature  of  400°;  the  iraxlmurn 
of  this  activity  is  observed  at  600°.  The  formation  of  at  a 

temperature  of  620°  has  been  established  by  x-ray  inve -t i^ation,  al¬ 
though  traces  of  lines  of  this  compound  can  be  discerned  on  the  x-ray 
patterns  at  temperatures  as  low  as  300-400°. 

Flshbek  and  Eyneke  [505]  and  Yander  and  Shtamm  [506]  observed 
the  formation  of  plcrochrcmilte  In  a  mixture  of  MgO  with  Cr202  at  a 
temperature  of  1300°. 

According  to  Berezhnoy  [395]*  formation  of  MgCr20|^  takes  place  at 
a  higher  rate  In  mixtures  of  the  cr78ta^.line  reagmt  than  that  of 
MgAlgOj^,  and  has  gone  practically  to  congaetlon  aTter  two  hours  of 
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exposure  at  13^^*  l<a.,  at  a  temperature  150^  lower  than  that  of  for* 
matlon  of  .MgAl20||«  . 

.  The  rates  of  formation  of  MgCrgO^^  and  MgAlgOj^  differ  particularly 
widely  at  temperatures  below  1100  .  Berezhnoy  accounts  for  this  dif¬ 
ference  In  teras  of  greater  mobility  of  the  chromium  Ions  as  compared  - 
to  the  aluminum  Ions. 

Budnikov  and  Berezhnoy  [507]  prepared  magneslochromlte  by  reacting 
chromic  oxide  with  forsterite: 

\  f  Cr,0.  -  MgSiO, MgCrjO«. 

Prior  to  annealing,  an  equimolar  mixture  of  the  finely  ground 
Initial  reagents  —  synthetic  forsterite  and  chemically  pure  chromic 
oxide  that  had  been  roasted  at  700°  -  were  pressed  under  a  pressure 
of  500  kg/cm^. 

It  was  established  by  the  investigations  that  at  1200^,  the  reac¬ 
tion  In  such  a  mixture  takes  place  relatively  rapidly  In  the  course 
of  the  first  two  hours,  after  which  It  Is  severely  retarded,  coning 
practically  to  a  halt  (Table  43  and  Fig.  123)  due  to  the  high  diffusion 
resistance  of  Its  products. 

As  the  temperature  is  elevated,  the  rate  of  the  process  Increases 
considerably  (Table  44  and  Fig.  124).  In  practice,  the  reaction  may  be 
noted  at  a  temperature  of  about  900°;  at  t  >  1300°,  we  observe  partial 
foz^tlon  of  a  glass  whose  composition  is  close  to  that  of  magnesium 
metaslllcate;  the  reaction  goes  all  the  way  to  completion  In  two 
hours  at  1850-1900°  (figures  found  by  extrajpolatlcm) . 

Khedval  and  N1  [502]  produced  MgCrgOj^  by  the  reaction 
■  ."g^-j-FcCrjO, --FcO-}-.MgCr,0„  , 

and  In  the  reaction  of  magnesium  oxide  with  natural  chromite  of  the 
composition  (Pe,  Mg)*(Cr,  Al2)0|^.  The  results  of  the  Investigation 
(Fig.  125)  Indicate  that  the  rate  of  reaction  of  magnesium  oxide  with 
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Pig.  123.  Reaction  of 
chromic  oxide  with  for* 
sterlte  at  tenq;>erature  of 
1200°  with  various  pro* 
cess  times.  1)  Fraction 
of  Mg2S10|^  bound,  ft:  2) 

time  In  hours. 


Fig.  124.  Reaction  of 
chromic  oxide  with  for* 
sterlte  at  various  test- 
peratures.  1)  Fraction  of 
MggSlO^  bound,  2)  tern* 

perature  In  degrees. 


FeCrgOj^  Is  considerably  higher  than  with  natural  chromite.  This  is 
probably  to  be  accounted  for  by  the  difference  In  the  true  reaction 
areas  and.  In  particular.  In  the  conditions  of  diffusion  between  the 


reactions  of  MgO  with  PeCrgOj^ 


t  B 


and  with  natural  chromite;  at  any  rate, 
the  particles  of  MgO  and  CrgO^  are 
more  widely  separated. 

It  was  established  that  KgCO^ 
acts  more  rapidly  with  chrondte  than 
does  MgO.  This  might  bo  linked  with 
promotion  of  the  diffusion  process  due 


Fig.  123.  Reaction  of  mag* 
neslum  oxide  with  FeCrgO^^ 

(1)  and  with  natural  chrom* 
Ite  (2)  [after  Khedval]. 

A)  Fraction  of  MgO  bound, 
ft;  B)  teiiq;>erature  In  de* 
grees. 


to  the  loosening  effect  exerted  on  the 
lattice  by  the  COg  llterated  In  the 
dissociation  of  MgCO^.  A  more  rigorous 
explanation  for  this  effect  may  be  given 
on  the  basis  of  detailed  analysis  of 


the  mechanism  and  kinetics  of  the  process,  taklr^  Into  account  the 


fuslblll^  of  the  system  formed  by  MgC02-Mg0*(Fe,  lte)*(Cr,  Al)gOj^  and 
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the  chromite  liqpurltles. 

Berezhnoy  [385]*  Pines  [508]  and  other  Investigators  have  studied 
the  reaction  of  magnesium  oxide  xlth  PeCr20|^  both  In  the  pure  lalxturO  j 
and  with  additives  of  or  CaPg-  It  was  shown  here  that  on  heating 

of  mixtures  of  chromite  and  magnesium  oxide  In  an  oxidizing  medium 
(so-called  oxidative  roasting),  the  following  reactions  take«place: 

FeCrjOi  4- MgO  -  Mi»Cr^,  +  FeO,  :  I  -  -  -  '  \  ^ 

JFcO  4- 2MgO  r  O, -»  2MgFe,04 • 

or,  in  the  net, 

FeCr A  -r  MgO  +  O,  -*  Mg(Cr.  Fc+ + ♦y,©*. 

Recent  investigations  of  this  process  have  shown  that  the  ccxnpo- 
sitlon  of  its  product  corresponds  more  exactly  to  the  expression 

(Mg,  Fe++)(Cr,  Fi;+++),0,. 

Certain  other  conditions  of  preparation  of  magneslochromlte  are 
also  known.  Thus,  Krasenskaya,  Yaslnovskly  and  Goncharov  [509]  pre¬ 
pared  MgCrgO^^  from  the  melt  in  a  study  of  fusibility  In  the  MgO-AlgO^- 
CrgO^  system.  Ryss  and  Urltskaya  showed  that  In  thermal  dissociation 
of  magnesium  chromate,  the  ultimate  product  Is  MgCrgO^^: 

I  i 

I - 1  .  I 

2MgCrO,  —  2MgO  •  Cr,0,+ •  .50, -►  MgCr,0,+Mg0 

and  so  forth. 

The  properties  of  magneslochromlte  are  of  direct  Interest  for 
technology.  MgCrgO^j  crystallizes  In  the  cubic  system  (lattice  parameter 
8.31  A),  has  a  specific  gravity  of  4.4  to  4.43  and  possesses  a  high 
melting  point  (2330°)  and  relatively  high  hardness  (6).  This  mineral 
Is  used  In  the  technology  of  refractory  materials  and  ceramic  pigments. 

The  splnellde  of  the  composition  MgPegO^,  magnesloferrlte,  has 
been  known  for  a  long  time.  It  Is  rarely  encountered  in  nature,  but 
easily  produced  synthetically,  for  exang>Ie,  by  roasting  magnealtea. 

A  large  number  of  papers  have  been  devoted  In  x*ecent  years  to 


the  eyntheile  of  this  eoiqpoiind  from  the  oxides.  Xhyuttlng  studied  the 
property  cMmges  of  en  MgO  4-  **  functions  of .  tenpereture 

(sM-Pigw  120).  The  formetion  of  megnesioferrite  begins  in  such  e 
mixture  at  a  tenypereture  as  low  as  600*^.  According  to  Berezhnoy*  about 
90%  of  the  stoichicxnetrically  possible  MgFe20j^  has  formed  after  2 
houra  at  1200^.  Above  1430^,  as  was  shown  by  Belyankln  and  Chervinskly 
I510]«  this  compound  undergoes  marked  dissociation  with  formation  of 
magnomagnetite  (Mg,  Pe"*^).  (Peg*  *0^^)  and  magnesiowuestlte  (Mg,  Pe'*^)0. 


Pig;  126.  Change  in  properties  of 
MgO  4  P42^3  process  of 

formation  of  MgPegOi^  [after 

Khyutting].  1)  solution  of  MgO;  2) 
solution  of  PegO^;  3)  magnetic 

susceptibility.  A)  Temperature  in 
degrees. 

Magnesloferrlte  may  also  be  produced  by  a  substitution  reaction, 
for  example, 

^nFojO,  +  A^gO—  ZnO  4-  MgFcjO,. 

It  crystallizes  in  the  cubic  system  (a^  *  8.36  A),  has  a  specific 
gravity  of  4.2  to  4.49  end  melts  ( Incongruently  with  formation  of 
ferric  oxide)  at  a  temperature  of  1750^.  A  singular  property  of  MgPegO^^ 
is  its  high  magnetic  susceptibility  (Pig.  126),  which  must  be  taken 
into  account,  for  example,  in  work  with  roasted  magnesite,  which  al¬ 
most  always  contains  a  certain  quantity  of  MgPegO|^. 

Magnesloferrlte  is  hardly  worthy  of  special  attention  as  an  Inde- 
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significance  of  Its  px^>perti«8  and 
BV  the  procoasaa^ln  which  it  is  foraed  in  the  production  of  magneaiua 

': refractpries Via  very  great.,  ■  T  ':  .■''•  ••  ' ■•  ••  v  ‘'  V-'-' ^ 'V'  ^v..  ' ' 

■'Hr  the  systems  containing  MgO,  many  other  splnei idea  and  the 

processes  in  which  they  are  produced  by  heating  mixtuz*es  Of  crystalline 
reagents  have  also  been  studied.  . 

Thus,  Tammann  [211]  established  by  x-ray  procedures  the  formation 
of  HgSbgO^,  which  possesses  a  tetragonal  lattice,  in  a  mixture  of  MgO 
and  SbgQ^  at  a  temperature  of  500°. 

Oauptman  and  Novak,  Bart  and  Poznyak  and  other  Inyeatigatora 
synthesized  MgOSgO^j  (a^  =  8.28  A)  and  Mgln^Oji^  (a^^  «  8.8l  A),  which 
crystallize  in  the  cubic  system. 

It  was  established  independently  of  the  research  of  the  above 
authors  that  lines  of  Mgln20|^  appear  on  x-ray  patterns  at  1250-1300° 
during  roasting  of  a  mixture  of  precipitated  hydroxides  of  magnesium 
and  indium. 

The  splnelide  MgLa202^,  which  has  a  melting  point  of  about  2050°, 
has  been  prepared  by  fusion  of  the  oxides.  The  formation  of  )^C02O||, 
which  crystallizes  in  the  cubic  system  ^  8.107  aV  been  es¬ 
tablished,  but  little  Is  known  as  yet  concerning  its  properties. 

Berezhnoy  [395]  prepared  the  splnelide  MgMn202^  by  reaction  in  a 
czystalllne  mixture;  here,  it  was  established  that  all  other  conditions 
the  same,  the  rate  of  its  formation  is  lower  than  the  rates  of  forma¬ 
tion  of  MgAl20^,  MgCr20j^,  MgFe20^  and  MgMn20j^;  it  apparently  crystal¬ 
lizes  in  the  tetragonal  syngony,  possesses  direct  extinction  and  re¬ 
fractive  indices  N  «  2.35  and  N  «  2.3>  Its  specific  gravity  is  about 

9  .  Mr 

4.7  and  its  melting  point  about  1700°.  Exact  determination  of  the 
properties  of  this  compound  is  extremely  difficult,  since  it  readily 
undergoes  partial  conversion  to  (Hg,  ita) 
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According  to  fieroshnoy'c  observatlonc  [311)*  no  cpinellde  Is 
formed  In  mixtures  of  MgO  f  Bl20^  (even  when  a  melt  of  them  Is  crystal¬ 
lised)  .  As  we  know,  the  same  situation  has  been  observed  for  the 
Ca0-Bi20-,  Sr0-Bi20~  und  Ba0-Bi20-  systems. 

Spinelides  of  a  s«newhat  different  type,  Ti  Mg20j|^  and  Sn  Mg20|^ 
(the  formation  of  which  is  described  in  the  next  section),  have  been 
studied  rather  thoroughly  and,  as  it  developed,  possess  highly  interest¬ 
ing  properties. 

The  spinel ide  MgV20|^,  the  formation  and  properties  of  which  were 
studied  by  Ryudorf  and  Reyter  [512]  and  then  in  greater  detail  by 
Lovel  [473]  ia  also  worthy  of  attention.  This  spinelide  is  prepared  by 
heating  tableted  powdered  mixtures  of  magnesium  oxide  with  vanadium 
oxide  in  a  pure  nitrogen  or  hydrogen  atmosphere  to  temperatures  of 
900-1100^  and  above.  The  black  Mg0*V20^  crystallizes  in  the  cubic 
system  (lattice  parameter  8.39  A),  has  a  specific  gravity  of  4.24  and 
possesses  a  very  weak  magnetic  susceptibility. 

Systems  with  CaO 

The  compound  CaR^'  *0^^  is  not  encountered  in  nature.  The  formation 
of  various  compounds  of  this  type  has  been  studied  many  authors 
in  connection  with  research  on  cementing  materials.  Tbt  wcrV  of 
Eyneke  in  this  field,  for  example,  is  well  known.  He  ;howea  hat  the 
primary  reaction  product  in  mixtures  of  CaO  with  Al^O-  ir  CaM  ,  re- 
gardless  of  the  initial  proportions  between  these  oxides.  This  state¬ 


ment  was  subsequently  confirmed  by  Lagerkvist  et  al.  [313]  (who  also 
established  that  the  crystal  lattice  of  CaAl20|^  is  not  cubic), 
Novakovskiy  and  Ponirovskaya  [314,  313]  and  other  authors. 

Using  the  Oan  [Hahn]  emanation  method,  Yagich  [316]  showed  that 
calcium  carbonate  reacts  with  aluminum  oxide  at  a  noticeable  rate  at 
600^.  The  surfaces  of  the  alumina  crystals  are  opened  up  considerably 
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before  the  reaction  begins.  At  temperatures  from  900  to  1000^»  rapid 
formation  of  CaAlgO^  takes  place.  This  compound  melts  congruently  at 
1600**  and  hence  may' also  be  prepared  from  a  melt  of  the. appropriate; 
cong>o8ltlon^I’"t‘''i"^''':/-  \ V'V,  '''  v' ; 

The  compo\inds  3CaO*Al202*  SCaO'SAlgO^,  CaO'AlgO^,  Ca0’2Al20^  and 
CaO*6Al202*  are  known  In  the  CaO-Al202  system.  v  - 

On  the  basis  of  x-ray  analysis,  the  formulas  9CaO*5Al202  and 
12CaO*7Al202»  which  are  also  used  comparatively  rarely  at  the  prosent 
time,  were  sxiggested  for  the  second  of  these  compounds. 

With  an  adequate  excess  of  lime  In  the  Initial  mixture,  .3CaO*3Al202 
makes  Its  appearance  after  formation  of  the  above  primary  reaction  pro¬ 
duct.  Yung  and  Butt  [317]  obtained  this  compound  by  reacting  CaCO^  with 
AI2O2  at  a  temperatvire  of  1350^«  With  an  even  larger  lime  excess  and  a 
temperature  of  about  l400°,  we  observe  foxmiatlon  of  trlcalelum  aluml- 
nate  (3CaO*Al202)  from  the  CaO’AlgO^. 


In  the  case  of  an  excess  of  alumina  In  the  reaction  mixture, 

* 

CaO*2Al202  Is  obtained  from  CaO*Al202  at  l4CX)®  (the  formula  3CaO*5Al202 
Is  sometimes  ascribed  to  this  compound X  Trlcalelum  alumlnate  and  the 
alumlnate  of  composition  CaO*2Al20^  melt  without  decomposition,  the 
former  at  1535°  (Renkln  and  Rayt,  1909) »  and  the  latter  at  1765®  [518]. 
At  1380®,  3CaO-Al202  and  5CaO*3Al202  form  a  eutectic  [5151. 

Calcium  alumlnates  are  present  In  Portland  cement  and  alumina 
cement,  so  that  they  are  also  discussed  In  Chapter  10. 

A  compound  of  the  composition  CaCr20|^  was  prepared  as  long  ago 
as  1893  by  Dyufo  [319]»  who  melted  a  mixture  of  CaO  With  Cr^O^  In  an 
electric  furnace  for  this  purpose.  In  recent  times,  this  confound- 
has  been  synthesized  by  numerous  authors  (see,  for  example,  (320,  321]). 
Sanada  prepared  It  by  iromstlag  a  mixture  of  these  oxides. 

The  ^coating*  period  In  the  reaction  of  CaO  with  CrgO^  la  detected 
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from  the  change  In  aoirptlon  properties  of  the  mixture  at  teirq;>erature8 
aa,  loiw  as  300^.  Irrespective  of  the  proportions  between  the  components 
,  of  the  Initial  mixture,  the  primary  reaction  product  Is  CaCr^Oj^.  This 
compound  Is  green  In  color,  crystallizes  In  the  rhombic  system,  and 
has  a  specific  gravity  of  4.8;  It  separates  from  the  melt  In  the  form 
of  needles.  ^ 

Sanada  also  described  the  compount  Ca2Cr20^,  claiming  to  have  pre¬ 
pared  It  In  the  solid  phase  at  1330^> 

Vasenin  [322]  concluded  on  the  basis  of  investigations  that  he 
had  conducted  that  the  reaction  between  CaO  and  Cr20^-on  heating  In 
air  first  proceeds  to  formation  of  chromates  (at  tec^eratures  from 
600  to  800^)  and  then,  at  about  1020^,  goes  over  to  reduction  of  the 
chromates  to  chromites.  When  the  mixtures  are  heated  in  air  in  a  plati¬ 
num  furnace  to  l400®  at  a  rate  of  10°  per  minute,  only  with  the  CaO 
and  Cr202  present  in  l-to-3  proportions  do  we  obtain  sinter  cakes  con¬ 
sisting  of  hcxnogeneous  crystals.  With  proportions  of  0.3,  2  and  4, 
which  corresponds  to  the  compounds  CaO*2Cr202,  2CaO*Cr202  and  4Ca0* 
•Cr202,  on  the  other  hand,  we  do  not  observe  the  formation  of  a  homo¬ 
geneous  crystalline  structure. 

The  author  characterizes  CaO'CrgO^  as  follows.  This  compound  con¬ 
sists  of  distinct  green  prismatic  crystals  that  exhibit  pleochrolsm 

(N'  dark  green,  N'  light  green);  the  refractive  .indices  are  N'  ='£.33  + 
of'  S 

+  0.002,  »  2.l8  +  0.002,  the  melting  point  is  2090°  (according  to 

another  80uz*ce,  2170°) .  The  compound  produced  on  heating  a  mixture  of 
CaO  and  CrgO^  taken  in  3:1  proportions  is.  In  the  author's  opinion, 
trlcalcium  oxychromite  of  the  composition  3CaO*Cr20j  rather  than 
3CaO*Cr202. 

Budnikov  [320]  studied  the  physicochemical  processes  that  take 
place  when  the  CaO  In  dolomite  reacts  with  Cr^O^.  He  made  up  40  dlT- 
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ferent  mixtures  based  on  calculations  for  binding  of  ^be^a^pgldeQ  into 
2CaO*Cr20j,  BCaO’CrgO^  and  bCaO-CrgO^  and  roasted  . these  mixtures  at 
1500  -  for  20  minutes.  It  was  established  by  detemlnihg  the  quant lty.4||;.'/;; 
of  free  lime  in  the  roasting  products  that  the  molar  ratio  of  the  re<-  y  -^ 
acted  CaO  and  ^1*20^  Is  between  3  and  4.  The  extent  of  recz^stailization  " 
at  the  zesting  ten^erature  indicated  above  was  rather  high.i^  :  V 

Zhuravlev  [521]  made  a  microscopic  investigation  of  the  sintering 
products  of  mixtures  of  technically  pure  calcium  oxide  and  chr^lc 
oxide  with  the  CaOtCr^O^  ratio  equal  to  1,  2»  3  and  4.  The  mixtures 
were  roasted  three  times  at  a  temperature  of  1350^  with  holding  times 
of  two  hours.  The  author  concluded  as  a  result  of  the  studies  that 
under  the  conditions  of  his  experiments  only  two  compositions  (CaO: 

KJrgO^  s  1  and  CaOtCrgO^  «  3)  produce  binary  compounds.  The  compound 
2CaO*Cr20^  does  not  form;  the  roasting  temperature  was  not  high  enough 
for  formation  of  4CaO’Cr202. 

The  preparation  processes  for  calcium  ferrites,  and  CaPe20|^  In 
particular,  have  been  the  subject  of  a  very  large  number  of  research 
studies  (see,  for  example,  [490,  516,  523-528)).  Konarzhevskly  [5231 
made  a  particularly  extensive  study  in  this  direction  in  1931 • 

It  was  established  as  a  result  of  the  work  done  that  heating  of 
mixtures  of  CaO  with  F^gO^  to  250^  reduces  their  sorption  capacity; 
the  deactivation  maximum  occurs  at  a  temperature  of  425^. 

Use  of  the  Qan  emanation  method  enables  us  to  note  the  formation 
of  the  primary  reaction  product,  CaPegO|^,  at  temperatures  of  from  56O 
to  600^.  Konarzhevskly,  on  the  other  hand,  observed  the  reaction 
taking  place  even  at  500°  in  determining  the  free  CaO. 

-  The  first  lines  of  CaFegOj^' appear  on  x-ray  patterns  only  after 
the  reaction  mixture  has  been  heated  to  a  temperature  above  650°; 
correction  of  the  lattice  defects  of  this  compound,  which  is  produced 
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by  reaeti<m  In  the  crystalline  nix- 
ture,  is  cosqplete  at  a  temperature  of 

850®. 

Konarzhevskiy  showed  that  whnn 
mixtures  of  calcium  carbonate  with  ' 
ferric  oxide  are  heated*  CaPegOi^  may 
be  formed  as  a  result  of  direct  reac¬ 


?ig.  127.  Formation  of 
CaPe20|^  in  mixture  of  CaCO^ 

with  7^20^  at  various  tem¬ 
peratures  and  T  >  2  hours. 

1)  Without  combined  grind¬ 
ing;  2)  with  combined 
grinding  of  starting  ma¬ 
terials.  A)  Yield  of  calcium 
ferrite  in  B)  temperature 
in  degrees. 


tion  between  the  reagents: 

CaCO,  -*  CiFivO,  -f  OJ* 

or  after  decomposition  of  the  CaCO^: 

CaCO,  -f  Ft  A  ->  CaO-i-CO, ,  Fo  A— CaFep,  +  CXV 


He  studied  the  influence  of  combined 
grinding  of  the  initial  reagents* 


temperature  and  certain  other  factors  on  the  process  in  which  calcium 


ferrites  form.  His  most  important  research  results  are  shown  in  Figs. 

127  and  126. 


Fig.  128.  Formation  of  CaFe^Oi^ 

in  mixture  of  combination- 
ground  CaCO^  and  Fe^O^  at  900” 

with  various  process  times. 

A)  Yield  of  calcium  Territe  in 
B)  time  in  hours. 


Pig.  129.  Formation  of 
CaPCgOij  (1)  and  MgFegOj^ 

(2)  at  various  teiig>era- 

tures  (exposure  t  »  2 

hours  at  t  ) . 

max' 


The  intensity  of  the  reaction  between  the  reagents  and,  accord¬ 
ingly,  the  extent  to  which  they  are  converted  into  product  during  a 
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specific  process  time  naturally  depend  on  the  method  used  to  prepare 
the  reaction  mixture  (Fig.  127):  for  example,  combination  grinding 
results  In  more  uplform  distribution  of  the  reagents,  an  Increase. In 
the  area  of  the  contact  surface  between  them  and,  apparently.  In  aetl« 
vatlon  of  the  grain  surfaces  and  hence  acceleration  of  the  reaction.  ;! 
The  nature  of  the  dependence  of  process  rate  on  teiqperature  Is  also 
related  to  the  method  of  pretreatment  of  the  reagents.  '  " 

The  cuirves  of  Fig.  128  permit  us  the  conclusion  that  even  when 
calcium  carbonate  Is  preground  together  with  the  ferric  oxide,  the 
rate  of  the  over-all  process  at  900°  and  the  degree  of  conversion  of 
the  reagents  into  the  product  above  70-75^  were  limited  in  the  experi¬ 
ments  described  by  the  rate  of  internal  diffusion.  At  small  product 


yields,  however,  the  diffusion  resistance  of  the  CaFe20|^  layer  was 

» 

obviously  relatively  low. 

Khedval  and  Zandberg  [328]  studied  reactions  in  mixtures  of 
calcium  oxide  with  ferric  oxide  that  had  been  prepared  by  various 
methods  (a-Fe202  from  the  oxalate  and  sulphate  of  Iron,  Y-FegO^), 
and  In  mixtures  of  Ca(0H)2  with  Y-Fe202.  It  was  established  here  that 
Ca(0H)2  first  reacts  more  intensively  with  the  ferric  oxide  than  does 
CaO.  In  accordance  with  our.  conceptions  as  to  the  intensifying  Inflvi- 
ence  of  a  liquid  phase  on  certain  conversion  processes  of  crystalline 
mixtures  (Chapters  3,  7),  this  may  be  accounted  for  by  fusion  of  the 
Ca(0H)2  or  a  eutectic  that  Incorporates  this  compoimd. 

This  explanation  is  consistent  with  the  fact  that  the  difference 
In  the  rates  of  reaction  of  the  reagents  in  mixtures  of  Ca(0H)2  * 

+  ^^2^3  observed  at  the  beginning  of  the  process, 

apparently  before  the  calcium  oxide  hydrate  has  been  dehydrated. 

Nagal  and  loshlura  [327]  established  that  the  addition  of  1%  of 
CaF2  to  the  reaction  mixture  accelerates  considerably  the  process  in 
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which  ealolun  ferrites  fora  In  crystalline  mixtures.  As  wss  shdiiM  tiy 
Bereshnoy  [385]*  the  rate  of  formation  of  CaPegOj^  In  an  oxide  mixture 
Is*  all  other  conditions  the  same,  considerably  higher  than  that  of 
MBF«204  (Pig.  129). 

According  to  Nakken  (325],  CaFe^O^  belongs  to  the  rhoiid>lc  system. 
Oil 'pert  [490]  assumes  that  the  CaPegO^  lattice  belongs  to  a  special 
type.  This  compound  Is  ferromagnetic  at  temperatures  below  1030^;  It 
melts  ineongruentiy  at  1216^. 

In  a  certain  concentration  region,  the  compounds  CaAlgO^  and 
CaPCgO^  form  solid  solutions,  which  were  studied  in  detail  by  Belyankln, 
Toropov  and  Pyuko  [3291. 

Systems  With  SrO 

Compounds  SrRgO^  are  not  encountered  In  nature  and  can  be  produced 
only  synthetically.  Their  formation  has  not  been  studied  as  fully  as 
that  of  MgR204  snd  CaR204  compounds. 

It.  has  been  established  by  x>ray  study  of  roasted  mixtures  of 
SrO  with  AlgO^  [313I  that  the  prlmaz*y  product  of  the  reaction  between 
these  oxides,  formation  of  which  may  be  noted  at  temperatures  below 
1000°,  Is  SrAlgO^.  This  ccxnpound,  whose  structui^e  closely  resembles 
that  of  CaAl204,’  was- studied  In  detail  by  Toropov  [330],  who  estab> 
llshed  Its  optical  blaxlallty  and  detexnnlned  Its  refractive  Indices: 

N  «  1.663  +  0.02  and  N  =  1.649  +  0.002.  According  to  Vartenberg,  the 

■  O  r 

melting  point  of  SrAl204  Is  2013°.  However,  this  aluminate  is  not  ein>  ■ 
ployed  as  a  refractory  material,  since  It  does  not  possess  any  advan¬ 
tages  over  other  more  readily  available  substances  th$t  have  the  same 
refractory  properties. 

The  compound  SrCr20^  has  been  studied  on  many  occasions.  Neverthe¬ 
less,  the  process  In  wdilch  It  foxms  and  Its  properties  have  not  been 
studied  to  this  day.  One  reason  for  this  Is  the  rather  intensive  oxl- 
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dation  of  chromic  oxide  to  chromic  anhydride  in  the  presence  of  8i^  . 

by  oxygen;  as  a  result,  synthesis  of  SrCrgO^^  In  an  atmosphere  of  air  . 

Is  difficult  and  the  reaction  product  contains  a  certain  quant Ity'pfvv 
hexavl^ent.  ehroml^V'' ' -.  f \ 

'  •vy;-;;-''  A 

The  preparation  of  strontium  ferrites,  primarily  SrPe2Pi|\ In  mix- 
tures  of  strontltki  carbonate  with  ferric  oxide,  has  been  known  for  5  I 
over  30  years  1531].  .C' ?■,  : 

It  follows  from  the  work  of  Forestler  and  other  authors  [523*  531- 
534]  that  SrFe20^  foms  at  temperatures  below  1000^,  apparently  as  the 
primary  reaction  product.  This  compound  czystalllzes  in  the  hexagonal 


system.  Its  magnetization  factor  is  considerably  smaller  than,  for 


example,  that  of  MgFe20j|^. 

The  properties  of  strontium  ferrite  preparations  obtained  from 
various  starting  materials  differ  somewhat  from  one  another;  thus, 
the  specific  gravity  of  the  compound  produced  from  SrCO^  and  ^^2^3 
4.966,  while  that  obtained  from  SrO  and  FegO^  shows  5*05* 

The  compound  SrFe202^  forms  a  range  of  solid  solutions  terminating 
In  the  composition  SrO *9^62^3  1534].  The  technical  Importance  of 
strontlvim  ferrites  is  as  yet  minor. 

Systems  With  BaO 

Compounds  BaR20|^  are  not  known  in  nature;  they  are  obtained  by 
synthesis.  Barium  alumlnate  BaAl20^  was  synthesized  long  ago,  both  by 
the  reaction  In  the  mixed  crystalline  solids  and  by  fusion.  However, 
the  first  detailed  description  of  the  properties  of  this  splnellde 
was  published  by  Toropov  [535]  only  in  1935*  Somewhat  later,  Qrube 
and  Oeynts  [53^]  studied  the  formation  of  BaAl20j^  In  a  crystalline 
mixture,  while  Val'mark  and  Vestgren  [537]  studied  Its  properties*  ) 

The  compound  BaAl202^  is  the  primary  reaction  product,  and,  on 
heating  to  about  1050^,  the  only  one  In  mixtures  of  barium  oxide  with 
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•lumintm  oxide.  The  reactioA  between  these  oxides  to  fora  the  alunlnate 
takes  place  rather  rapidly  at  tesv>erature8  below  900^.  ; !  v  K 

BaAl20^'nay  also  be  obtained  by  the  reaction 

which  waa  studied  by  Avgustlnlk  and  Mehedloy- Petrosyan' |5’38]..Thle  r^ 


action  takes  place  at  a  noticeable  rate  at  teiqperatdrea' above  IdOO  «-:v 
Its  heat  effect  la  143.^  kcal/mole,  while  the  heat  of  the  repctlon 
BaO -f  Y-Al20^  •«  BaAl20j^  la  only  4.24  keal/nole.  /:« 

BaAl20|^  crystallizes  In  the  hexagonal  system;  its  refractive  In¬ 
dex  la  about  1.683y  and  its  melting  point  1820^  (2000^  according  to 
Vartenberg)  [  333] • 

Barium  aluminatea  have  a  very  important  part  in  the  chemistry  of 
the  oxide  cathode  and  are  of  a  certain  amount  of  interest  as  refrac¬ 
tory  cements  for  highly  specialized  applications.* 

Barium  chromite  has  been  synthesized  many  times  by  reaction  in 
the  crystalline  mixture.  In  this  case,  however,  as  with  the  synthesis 
of  chromite  in  the  Sr0-Cr202  system,  a  certain  quantity  of  hexavalent- 
chrcmium  compounds  readily  form  in  an  atmosphere  of  air.  This  makes  it 
difficult  to  study  the  formation  reaction  of  BaCrgO^  and  its  properties 
The  synthesis  of  barium  ferrites  has  been  the  object  of  numerous 
investigations  (see,  for  example,  [524,  537,  5391).  Ershak  et  al.  made 
a  particularly  detailed  study  in  this  direction  [34o].  They  studied 
the  progress  of  the  reaction  in  mixtures  of  barium  carbonate  with 
ferric  oxide  containing  from  10  to  99J(  of  BaCO^  at  temperatures . from 
500  to  1000®. 


It  has  been  established  by  x-ray  analysis  that  the  compound 
BaO*2Pe20^  forms  in  a  reaction  mixture  of  the  corresponding  composition 
at  tesgwratures  above  550®;  BaO*6Pe202  (the  familiar  analog  of 
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''P-Al20^'')  appears  in  nlxtures  containing  from  5  to  of  BaCOj  at 
tM^srat Ursa  above  750® j  with  eemtents  of  50-95J<  BaCO^  In  the  nlxture  , 
and  a  tefl^erature  above  800®,  the  result  Is  fonnatlon  of  a  cospound 
whose  cbBg>ositlon  probably  corresponds  to  Ba0FegO2]^  (with  an  oxyg«i 
deficiency  In  the  elementary  cell);  Its  structure  Is  similar  to  that 
of  perovsklte,  whose  elementary  cubic  cell  has  a  side  8.05  A  long. 

Thus,  Ershak  did  not  produce  the  compound  BaPe20^,  while,  accord¬ 
ing  to  communications  of  Forest ler  [524  and  others],  the  latter  not 
only  succeeded  in  preparing  this  compound,  but  also  studied  Its  pro- 
•  pez*ties.  According  to  this  author,  BaFCgO^  crystallizes  In  the  hexa¬ 
gonal  system  and  la  similar  to  SrFegOj^  as  regards  its  properties. 


TABUB  45 

"Onset"  Temperature  of  Substitution  Reaction 
for  Divalent  Oxides  in  Spinel ides  (in  degrees) 


1)  Substituting  oxide;  2)  compound. 

Further  research  will  obviously  be  necessary  to  account  for  the 
causes  of  this  contradiction  in  the  results  of  Forestler  and  Ershak 


TABLE  46 

Influence  of  Gaseous* Phase  Composition  on  Rate 
of  Substitution  Reaction  of  CoO  in  CoCr20|^  by 

Oxides  of  Group  II  Elmnents 


2  Cvenc.ia  a  *.  a  T>'«pctiteecM/A 

1  •  - ^ ^ — y  -  ^  - -  ' 

3ii«*  uiskunii A  j  b  tfeM 

'  Nt  I  O: 


«;.o 

2.1 

Sit> 

3.1 

2«.> 

5.7 

1)  Substituting  oxide;  2)  dea^ee  of  coneenlon 
of  CoCr20^  In  ^  of  theory;  3]  In  medltas  odT. 
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Md  •llnlnat*  then. 

Khedval's  data  [214]  on  the  "onset"  temperatures  of  suhatltutlon 

reactions  of  divalent  oxides  In  compounds  MeRgOj^  by  oxides  of  alkaline 


earth  metals  are.  worthy  of  attention  (Table  ^5)*  The  variation  of 
these  temperatures  over  a  relatively  narrow  range,  for  SrO  and  BaO  and 
over  a  wide  range  for  CaO  is  also  In  agreement  with  the  above  ($4, 
Oiapter  3)  conceptions  as  to  the  possible  role  of  a  liquid  phase  In 
reactions  of  this  type,  although  the. very  concept  of  reaction  "onset" 
teiq>erature  Is,  naturally,  arbitrary. 

Khedval  showed  that  the  rate  of  substitution  reactions  In  mix¬ 


tures  containing  substances  whose  compositions  IncorporS'^'  elements  of 
variable  valency  depends  on  the  composition  of  the  atmosphbi^e  In  which 
the  reaction  Is  taking  place.  It  follows  from  the  data  that  he  ob¬ 
tained  (Table  46)  that  the  influence  of  gaseous-phase  composition  on 
the  rate  of  the  process  is  different  for  oxides  of  different  group  II 
elements:  It  Is  virtually  unnotlceable  for  CaO,  while  It  is  quite  sig¬ 
nificant  In  the  cases  of  SrO  and  BaO. 

This  difference  may  be  accounted  for  In  terms  of  the  nonldentlcal 
conditions  for  diffusion  in  the  different  systems,  which  aire  due  to 
the  physical  properties  of  its  components. 

Recently,  as  we  know,  the  mechanism  by  which  gaseous-phase  com¬ 
position  Influences  various  reactions  In  crystalline  mixtures  (par¬ 
ticularly  mixtures  containing  compounds  of  variable-valency  elements) 
has  been  examined  in  many  Investigations  (see,  for  example,  [131*  213, 


260,  541)). 

Systems  With  ZnO  ; ' 

The  formation  of  ztoc  splnelldes  In  cirystalllne  mixtures  has 
been  studied  In  very  great  detail,  chiefly  as  a  result  of  the  con¬ 
venience  with  which  systems  containing  ZnO  can  be  subjected  to  ex- 


perlmtntal  resaareh.  It  was  on  the  baala  ol*  data  pertaining  to  t^ae 
ayatema  that  Xhyuttlng  fonmilated  hia  concept a  aa  to  the  periods  or 
atagea  in  reactions  In  solid  mixtures  (§1,  Chapter  3). 

Above  (pages  157-159)*  ms  presented  detailed  data  on  reactions  in 
the  ZnO-POgO^  system  [204,  205).  Since  other  systems  with  ZnO  are  to 
a  certain  degree  analogous  to  it,  we  may  omit  here  any  detailed  exami* 
naticm  of  intermediate  reaction  periods  in  the  formtlon  of  the  various 
zinc  splnelides  in  crystalline  mixtures. 

Zinc  alumlnate  ZnAl20j|  or  gahnlte  is  encountered  in  nature.  It 
was  produced  synthetically  from  melts  even  in  the  XIX  Century.-  Sub> 
sequently,  detailed  study  was  devoted  to  Its  preparation  in  crystal¬ 
line  mixtures  in  the  absence  of  liquid  phases  (see,  for  exang>le,  [220, 
224,  396,  501,  542,  543])  •  Formation  of  this  splnelide  was  noted  by 
x-ray  means  [220]  in  a  mixture  of  the  oxides  at  700°;  at  800°  after 
5  hours  and  30  minutes,  the  yield  may  be  [396],  but  less  than  SOjf 
at  a  teinperature  of  900°  after  2  hours  [544],  both  figures  applying 
to  the  theoretically  possible  quantity  of  ZnAl^O^.  According  to  other 
sources  [5451*  at  1000°  almost  total  conversion  of  these  reagents  into 
the  product  is  achieved  only  after  99  hours.  All  of  these  data  are,  of 
course,  characteristic  of  definite  (and  different)  experimental  con¬ 
ditions. 

The  first  attempt  to  investigate  the  mechanism  of  this  process 
was  undertaken  by  Khll'd  [546].  Khll’d  accounted  for  the  progressive 
weakening  of  the  lines  that  he  observed  on  x-ray  patterns  cast 

by  specimens  of  mixtwes  roasted  at  temperatures  of  975°  (the  intensity 
of  the  ZnO  lines  remained  unchanged)  in  terms  of  preferential  movement 
of  ZnO  in  the  spinel  layer.  Actually,  Khll'd *s  experiments  established 
only  that  a  spinel  layer  fonss  cm  the  corundum.  We  have  available  a 
more  circumstantial  characterization  of  this  mechanism  in  the  pub- 
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llshed  Jesuits  of  Bengston  and  Yagieh  (2241.  ^  > 

Aasunlng  that  the  Vagner  apparatus  (see  Pig.  4l)  would  be  useless 

*  - 

In  this  case  because  of  the  low  rate  of  diffusion  of  Ions  in  spinel, 
Bengston  and  Yagieh  employ^  the  interface>marklng  technl(tue.  To  the 
tablet  surfaces  of  one  or  both  reagents  (a-AlgO^  and  ZnO),  the  authors 
applied  a  "tag"  made  of  platinum  black  —  a  substance  that  would  «be 
visible  under  the  microscope  but  would  not  InterPere  with  contact  be¬ 
tween  the  reagents  or  react  with  them  chemically. 
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Pig'.  130.  Marking  of  Al^O^  tablets  after 

Bengston  and  Yagieh.  Position  of  sHuic: 
a)  before  experiment;  b)  after  experi¬ 
ment  with  displacement  of  Al^  Ions  and 
electrons  practically  exclusive;  c)  af¬ 
ter  experiment  with  displacement  of  Zn®^ 
Ions  and  electrons  practically  exclusive 
(In  either  case,  displacement  of  oxygen 
takes  place  through  the  gaseous  phase); 

d)  counterdiffusion  of  Zn^  and  Al^  Ions 
In  equivalent  quantities  according  to 
Vagner  scheme.  1}  Mark;  2)  spinel. 


Depending  on  the  type  of  diffusing  agent  and  the  ratio  between 
the  diffusion  rates,  we  might,  theoretically,  envision  vaz*lous  posl-  ' 
tlons  of  the  mark  as  a  result  of  diffusion  (Pig.  I30). 

Actually,  however,  the  order  of  arrangement  of  the  layers  — 
Al203/Al2ZnO^/Pt/ZnO  (Pig.  131)  —  Indicated  that  mass  transfer  takes 
place  In  this  case  preferentially  by  migration  of  zinc  and  oxygen 
Ions  or  Zn"^  and  electrons. 

Simultaneously,  study  of  the  process  kinetics  In  the  teMperatiure 
range  from  1250  to  1380°  with  experiment  times  up  to  24  hours  enabled 
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Klg.  131.  Diagram  showing 
distribution  of  zinc  and 
aluminum  concent  rations  in 
ZnAl20j|  tablets  on  reac- 

tl<m  of  ZnO  with  kl20y  1) 

Content  of  Zn;  2)  content 
of  Al;  3)  A1  by  stolchio. 
metry;  4i  Zn  by  stoichio> 
met : y ;  5 j  spinel. 


the  authors  to  confirm  their  conception 
as  to  its  mechanism.  However*  the  pro¬ 
cess  in  this  system  is  complicated  by 

jt  ■  ’  '  _ , 

noti;ceable  sublimation  of  ZnO  from  the 
zinc  oxide  and  from  the  spinel:  the 
Zn  vapor  pressure  above  these  com> 
pounds  is  quite  significant  at  the 
temperatures  indicated  above.  If^we 
proceed  from  the  conception  of  vapor¬ 
ization  of  the  ZnO  and  preferential 
motion  of  the  Zn  ions  (accompanied 


by  migration  of  oxygen  through  the  atmosphere)*  the  distribution  of 


the  zinc  and  aluminum  concentrations  In  the  ZnAlgOj^  tablets  of  the 
system  under  consideration  will  correspond  to  the  diagram  presented 
in  Fig.  131. 

Zinc  aluminate  crystall^es  In  the  cubic  system  (a^  =  8.09  A)* 


Pig.  132.  Change  in  properties  of 
ZnO  -t-  Cr^O^  mixture  as  a  function 

of  temperature  (after  Khyuttlng  [204]). 

1)  Catalytic  effect  on  decoiig>osltlon 
of  CH^OH;  2)  solubility  in  t^drocbloric 

acid;  3)  sorption  of  methylene  blue;  4) 
sorption  of  fuchsin;  3)  conductivity; 

6)  solubility  In  concentrated  sulfuric 
acid. 

lau  a  refractive  index  of  I.803  and  melts  at  a  temperature •  of  1930^.  As 


a  refractory  material*  however*  it  ia  not*  on  the  basis  of  Its  proper- 
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ties,  of  any  particular  interest.  Solid  solutions  of  ZnAl^Oji  with  other 
highly  colored  spinelides  (cobalt  and  nickel  spinelidea  and  the  like) 
would  be  of  much  greater  inteMst.  Siuch  solid  solutions  (which  were 
studied  by  Tumanov  [501]  and  others)  are  surpassing  cerasUc  dyes  that 
are  distinguished  by  high  stability.  .  ^ 

Numerous  studies  have  been  devoted  to  synthesis  of  ZnCr^Oi^  from 
the  oxides.  Even  in  the  last  century,  this  compound  was  produced  by 
fusing  ZnO  and  Cr20^  together  in  the  presence  of  mineralizers  [480]. 

Its  formation  in  a  mixture  of  the  pure  crystalline  oxides  was  studied 
later  (220,  483,  5^2,  544-546]. 

According  to  Khyutting  [204],  the  properties  of  ZnO  -i-  sdx- 

tures  vary  with  temperature  (Fig.  132).  Formation  of  ZnCr^Oii  in  such  . 
a  mixture  is  detected  by  x-ray  examination  at  temperatures  of  about 
650^.  It  was  established  by  research  [204]  that  the  rate  of  formation 
of  ZnCrgOj^  depends  on  the  reaction  atmosphere.  The  process  is  accelerat¬ 
ed  considerably  in  the  presence  of  fluxing  mineralizers;  with  contents 
of,  for  exasqple,  potassium  chloride  in  the  reaction  mlxtuxo,  the  reac¬ 
tion  goes  rapidly  at  a  tenperi rure  of  1000®.  This  splnelide  crystalliz¬ 
es  in  the  cubic  system  (a^  -  8.32  A),  is  greenish-gray  in  color  and 
can  be  used  as  a  ceramic  pigment. 

The  synthesis  of  the  zinc  ferrite  mentioned  above  —  frankllnite  — 
has  been  studied  on  many  occasions  (see,  for  example,  [205,  220,  338, 
483,  493,  542]);  one  aspect  described  in  detail  was  the  sequence  of 
transformations  and  the  property  changes  of  the  ZnO  +  ^*2^3  mixture  . 
(see  §1  of  Chapter  3).  Hence  it  will  be  sufficient  here  to  limit  our^ 
selves  only  to  the  briefest,  of  remark  concerning  the  formation  of 

ZilFegOji*  *  ■ 

On 'powder  diagrams,  lines  of  this  eempound  are  Observed  in  the 

1 

reaction  mixture  at  roasting  tenqperatures  as  low  as  65O  .  Frankllnite 


is  brown  In  color,  crystallizes  In  the  cubic  system  (a  ■>  8.42  A)  and'*  % 
has  a  specific  gravity  of  5*32. 

The  properties  and  preparation  conditions  are  also  known  for  cer>  ^  ^ 
tain  other  zinc  splnalides,  such  as  ZnOa^Oi^  and  ZnSb20|^. 

Systems  With  CdO 

Cadmium  splnelldes  are  not  known  In  nature.  They  are  prepared  by 
reactions  In  crystalline  mixtures.  However,  these  reactions  have  been 
the  subject  of  much  less  study  than  the  formation  reactions  of  the 
corresponding  zinc  compounds. 

Cadmium  alumlnate  CdAlgOj^  was  synthesized  by  Shtrassen  [344].  This 
compound  Is  rather  unstable  and  decomposes  at  a  temperature  of  1350^. 

Natta  and  Passerlnl  [342]  synthesized  the  tetragonal  CdlngO^,  the 
structure  of  which  is  similar  to  that  of  Caln20j^. 

The  preparation  of  cadlum  chromite  has  been  studied  In  a  number  of 
Investigations  (see,  for  example,  [483,  547]).  This  cewnpound  Is  light 
green  In  color  and  has  the  structure  of  spinel  (Sq  «  8.36). 

Cadmium  ferrite  CdPegOi^  has  also  been  prepared  and  investigated 
by  many  authors  [492,  324,  348  and  others].  Heating  to  a  temperature 
of  430°  results  in  no  discernible  property  changes  In  the  CdO-c.nd- 
^®2®3  color  begins  to  change  only  at  temperatures  above 

43O-3OO®;  a  catalytic  effect  on  the  decomposition  process  of  nitrous 
oxide  may  be  observed  at  temperatures  from  500  to  550°.  CdFegOj^  is 
known  In  two  modifications  [524];  paramagnetic  cubic  (spinel  type)  and 
ferromagnetic  hexagonal  (of  the  same  type  as  strontium  and  barium 
ferrites). 

Cadmium  splnelldes  do  not  as  yet  have  any  technical  value. 

Systems  With  PbO 

Lead  alumlnate  PbAlgO^  was  prepared  and  studied  by  Qeller  and 
Bunting  [549]  In  an  Investigation  of  equilibria  In  the  PbO-AlgO^  sys- 
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Fig.  133*  Diagram  of 
state  of  PbO-AlgO^  sys¬ 
tem  [549]. 


tern  (formation  of  this  splnellde  In  the  solid  mixture  has  not  yet  been 
studied).  As  follows  from  Pig.  133»  PbAl20||  Is  the  only  cosvotind  In 
this  system.  At  a  teiqperature  of  970^,  It  Is  converted  Into  coruhdvim 
and  . glass.  This  compound  crystallizes  In  the  hexagonal  system  and  ex^ 
hlblts  the  refractive  Indices  Hq  -  1.91  a^  •  i.85.  ' 

Xlttel*  [547]  studied  the  behavior  of 

t" 

a  PbO-and-Cr^O^  mixture  on  heating.  An  ap¬ 
parent  result  was  the  formation  of  PbCr^Oii. 

Lead  ferrites  are  of  considerable 
Interest,  particularly  for  metallurgy. 
PbFe20|^  can  be  prepared  either  by  fusing 
the  oxides  together  or  by  reacting  them  In 
a  solid  mixtu3re  [324,  343*  348].  This  cosh- 
pound,  which  crystallizes  In  the  hexagonal 
system  after  the  SrPe20|^  and  BaPe20|^  type, 
forms  solid  solutions  with  Fe20^  right  up  to  the  composition  PbO*9Fe20^ 
[334].  unlike  many  other  ferrites  (e.g.,  calcium  ferrites),  lead 
ferrite  melts  possess  extremely  hl^  viscosity. 

Systems  With  ItiO 

Manganese  spinel Ides  are  known  in  nature  In  the  form  of  the 
minerals  gaiaxlte  (MnAlgO^^)  and  hausmanlte  (MiMn20j^).  The  first  of 
these  can  be  obtained  either  from  the  melt  or  by  reaction  in  a  crys¬ 
talline  mixture.  It  follows  Vrom  the  diagram  of  state  of  the  Nn0-Al20^ 
system  [330]  presented  In  Fig.  134  that  HnAl20j^  Is  the  only  chemical 
compound  In  this  system.  Krauze  and  Til  [483]  prepared  this  c<MSpound 
by  reaction  In  a  mixture  of  oxides  at  a  temperature  of  1000^.  It;^ls 
a  typical  splnellde,  crystallizing  In  the  cubic  system  (a  -  8.26  A), 

and  melts  Incongruently  at  a  temperature  of  1360^.  The  specific 

s 

gravity 'of  gaiaxlte  lies  between  3.57  and  4.23  according  to  various 


authors. 


Pig.  134.  Diagram  of 
state  of  MnO>Al202  sys* 

tern  [5501. 

Hausmanlte,  Mn* '  *Mn^O^ 
line  manganese  dioxide: 


The  formation  conditions  and  proper¬ 
ties  of  MnSbgOj^,  ^hleh  crystallizes  In 
the  tetragonal  system,  1idye:been  the  ob- 
Ject  of  very  little  study. 

All  conditions  the  same,  the  rate  of 
formation  of  HnCr20||,  which  crystallizes 
In  the  cubic  system  with  a^  *>  8.42  A,  Is 
considerably  higher  than  that  for  MnAlgO^^. 
>  Mn^O^,  may  be  produced  by  heating  crystal 


3.\tnO}  — .  AlitgO.  -I*  0,5 

the  reaction  takes  place  In  several  stages;  the  Mn^O|^  obtained  C37y8- 
talllzes  In  the  tetragonal  system  (special  lattice  type).  Study  of 
the  properties  and  formation  conditions  of  this  compound  Is  important 
for  the  metallurgy  of  manganese. 

Manganese  ferrite  MnPegOi^  (jacobslte)  Is  usually  produced  by  react 
Ing  the  crystalline  oxides  [483,  49O,  493,  542].  Its  rate  of  formation 
Is  low,  according  to  Krauze  [483]  at  900°.  The  compound  MnPegO^j  Is 
dark  brown  In  color,  crystallizes  in  the  cubic  system  (a  =  8.35  A) 
after  the  spinel  type,  and  has  a  specific  gravity  of  5.O3. 

Since  manganese  spinelldes  can  undergo  oxidation,  they  are,  as  a 
rule,  unstable  in  air  at  high  temperatures.  As  we  noted  above,  they  ■ 
are  of  Interest  chiefly  for  the  metallurgy  of  manganese. 

Systems  With  PeO 

Spinelldes  of  divalent  Iron  are  encountered  quite  often  In  nature 
In  the  form  of  the  minerals  hercynlte  FeAl20^,  chromite  (approximately 
FeCr20^)  and  magnetite  Pe'*^Pe^'^0^ .  Except  for  the  latter,  which  Is 
encountered  In  pure  form,  natural  iron  spinels  are  solid  solutions 
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of  two  or  nort  apinelldes.  Synthesis  of  iron  spinel ides  Is  aceoatpllshed 
by  heating  the  appropriate  crystalline  nixtures  in  a  reducing  or* 


'neutral  aediua.  ' 

"  The  diagram  of  state  of  tliie  FeO-AlpO,  syaten  [551]*  •>  will  be 
seen  from  coiqparison  of  Pigs.  135  and  134,  is  more  complex  than  that 
of  the'^NnO-AlgO^  system.  Hercynite  was  obtained  by  Xrauze  [483]  in 
the  fom  of  a  brownish* red  sinter  cake  by  reacting  the  crystalline 
oxides  in  a  reducing  medium  at  a  temperature  of  1100^  for  2  houri^. 


a  to  20  3Fe0  Al,0j  SOfeOMlfi.  00  90  m 
^€0  2B«c  %  . 

Fig.  135«  Diagram  of  state  of  PeO* 
AlgO^  system  [487,  551 ]•  1)  Liquid; 

2)  per  cent  by  weight. 


Studying  changes  in  the  Fe0-Al20^  system,  Fisher  and  Qofman  [552] 
established  that  the  diffusion  rate  of  aluminum  ions  through  FeAlgOj^ 
is  greater  than  that  of  Fe  ions  in  AlgO^.  PeAlgO^^  crystallizes  in  the 
cubic  system.  As  established  by  Oalakhov  [487],  this  ccnqpound  sielts 
congruently  at  l800^.  The  FeO-AlgO^  system  has  a  eutectic  between  | 

hercynite  and  aluminum  oxide  that  melts  at  1750^;  its  composition  is 
36jJ  FeO  and  64)t  AlgO^  (487).  | 

While  the  splnelides  FeV20j^  and  FeSb20|^  are  known  (the  latter 
crystallizes  in  the  tetragonal  system),  neither  has  been  the  subject 
of  much  study.  .  !  ■  _) 

The  chromite  ot  divalent  iron,  PeCrgO^,  was  produced  synthetically 
even  in  the  last  cehtury  [48o].  Krauze  and  Til* [483]  established  that 


in  •  reducing  atmosphere,  this  c<Mg>ound  forma  in  the  appropriate 
crystalline  mixt\ire8  at  a  temperature  of  dOO^. 

Since  the  melting  point  of  this  apinelide  exceeds  2000^  and  it  is 
encountered  in  nature  (although  not  in  the  pure  state)  in  large  quan> 
titles,  it  has  acquired  great  importance  in  the  technology  of  refrac¬ 
tory  materials.  As  a  result,  the  conversions  that  It  undergoes  have 
been  the  subject  of  minute  study. 

The  natural  chromite  represents  a  solid  solution  of  the  coiqposl- 
tlon  (Pe,  Mg)(Cr,  Al)20^.  As  we  noted  earlier,  magnesium  oxide  may 
substitute  the  ferrous  oxide  in  this  solution  in  reactions  in  crystal¬ 
line  mixtures  (302).  Detailed  Investigation  of  this  substitution  inac¬ 
tion,  which  Is  inqiortant  for  the  production  technology  of  chromosiag- 
nesite  refractories,  was  made  by  Pines  et  al.  [508]. 

In  connection  with  problems  that  arose  in  the  technology  of 

these  refractories,  Lovel  and  others  [3531  studied  the  reactions 

FeO  +  MgAI,0«  FcAIjO,  +  MgO, 

FcO  -f-  AtgCijO,  si  FoCtjOi  +  A\gO. 

The  reaction  mixtures  were  heated  for  two  hours  at  a  temperature 
of  l400^  In  a  nitrogen  medium,  after  which  microscopic  and  x-ray 
studies  were  made  on  the  preparations  obtained  and  the  content  of 
free  ferrous  oxide  In  them  determined.  It  was  found  as  a  result  shat 
with  the  conditions  Indicated,  about  O.3  mole  of  PeAlgOj^  forms  by  the 
first  reaction  In  the  presence  of  1  mole  of  ferrous  oxide,  while  O.65 
mole  of  PeCrgO^  forma  in  the  latter  after  dynamic  equilibrium  has  been 
established. 

The  splnelldes  HgAlgOjj^,  PeAl^O^^  and  MgCrgOj^  form  solid  solutions 
of  unlimited  concentration.  Just  as  do  MgO  and  PeO. 

Solid  solutions  of  spinel  and  chromite  were  studied  by  Goncharov 
and  Kleynberg  [^4].  Formation  of  a  continuous  series  of  solid  solu- 
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tlon  of  roasting  products  of  tho  corresponding  mixtures.  Goncharov  et 
al.  1555]  also  pointed  out  the  high  promise  of  such  solid  solutions 
for  use  In  refractory-naterlal  production. 

Magnetite  Pe’^^Pcg^^Oj^  Is  easily  obtained  artificially,  both  froai 
melts  (48o]  and  by  reactions  In  solid  mixtures.  It  Is  also  prepared 
(although  not  In  perfectly  pure  form)  in  the  oxidation  process  of 
Iron  at  high  temperatures.  This  compound  .Is,  as  we  know,  the  basic 
substance  in  a  highly  Important  iron  ore  that  is  processed  In  enor¬ 
mous  quantities  by  the  metallurgical  industry.  It  is  also  used  for 
the  manufacture  of  special-purpose  electrodes. 

The  formation  of  solid  solutions  of  magnetite  with  chromium  spinel 
ides  Is  one  of  the  most  impoirtant  causes  of  attrition  of  chromlusi- 
contalnlng  refractories  in  service  In  metallurgical  fumacea.  This 
process  has  been  studied  In  minute  detail  (see,  for  example,  [336]), 
and  It  has  been  established  that  growth  of  chromium- spinellde  crystal¬ 
lites  takes  place  during  formation  of  the  solid  solution  with  Pe^O^. 

As  a  result,  volume  changes  and  internal  stresses  arise  In  the  refrac¬ 
tory  products,  leading  to  chipping  away  of  the  working  sones  of  fu^^- 
nace  liners  made  from  chromlte-contalnlng  refractories. 

Systems  With  CoO 

Many  Investigations  have  been  devoted  to  the  synthesis  of  cobalt 
splnelldes. 

Cobalt  aiumlnate  Is  prepared  by  reacting  the  oxides  either  with 
or  without  fluxes.  In  the  former  case,  73)t  of  the  stoichlcsnetrlcally 
possible  CoAl20j^  Is  formed  in  two  hours  at  a  tenperature  of  1000^,  and 
In  the  latter  case  the  reaction  goes  to  lOOjt  in  the  same  time,  all 
other  condltlcms  the  same. 

Khedval  and  Leffler  [337]  investigated  the  rate  of  formation  of 
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Pig.  136*  Influence  of  certain 
factors  on  the  process  of  fozva- 
tlon  of  CoAlgO^^  in  oxide  mix¬ 
tures.  1)  CoO  -f  Al^O^  (prelimi¬ 
nary  four- hour  processing  of  In¬ 
dividual  oxides  at  800°)  In  Ng* 

T  »  13  minutes;  2)  Co^0|^  •f  Al20^ 

(4  hours,  800®)  In  Hg,  t  •  15 
min;  3)  Co^Oj^  ■i-'AlgO^  (4  hours, 
800®)  In  Og*  T  *  15  nln;  4)  CoO  + 

+  AlgOj  (4  hours,  8OO®)  In  Ng, 

T  ■=  5  »in;  5)  CoO  +  Al2®3  hours, 
1100®)  In  Ng,  T  =  15  min.  A)  Con¬ 
version  In  jt;  B)  temperature  in 
degrees . 


CoAlgO|^  at  temperatures  of  80O-IIOO®  by  the  reactions 

Ct'O-- AiPj-.Co.\l,0,. 

Co,0,-;  SArOj-^XoAl.O.-.  -J-Oi 

as  a  function  of  prior. heat  treatment  of  the  reagents.  It  was  estab¬ 
lished  here  first  of  all  that  there  Is  a  considerable  rise  in  the  rate 
of  reaction  In  the  temperature  range  from  900  to  1100®  (Fig.  I36), 
corresponding  to  transition  of  the  aluminum  oxide  from  the  y~  into  the 
o-modiflcatlon.  The  Increase  In  reaction  rate  as  the  tenqperat;ire  Is 
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'^  tl«vtt«d  further  Is  considerably  slower. 


■  \  . 


Figure  136  Indicates  a  considerable  drop  In  the  activity  of 


■ 


D  .  that  hsis  been  roasted  at  1100^  (eux*ve  5)  as  conpared  with  the  oxide  . 

V  (curve  1),  as  well  as  a  considerably  higher  activity  .  I; 

■'  ■■ 

'  ''^■for  CoO  obtained  by  dissociation  of  Co^0|^  during  the  reaction  process  I 

(curves  2  and  3)  as  compared  with  CoO  prepared  In  advance.  Proceeding  ! 

':'e  ■  •  .  ■  '  •  ■  •  .  -  ■  :  -I 

from  the  Conception  of  Co^O^^  dissociation  by  the  scheme  < 

Co,0,  3CoO -I- ~  Oj, 

It  is  also  easy  to  account  for  the  difference  In  the  formation  rates 
of  the  final  product  in  oxygen  (curve  3)  and  nitrogen  (curve  2)  media. 

The  data  of  Xhedval  and  Leffler  can  be  fully  e^lained  In  terms 
of  the  difference  In  the  perfection  and,  hence,  stability  of  reagent 
lattices  produced, \mder  different  conditions. 

As  concerns  the  properties  of  CoAlgOj^,  this  coispound,  which  is 
blue  In  color,  crystallizes  In  the  cubic  system  and  possesses  a  high 
refractive  Index  (above  1.76);  it  melts  at  a  tmnperature  of  1960^  and 
can  be  counted  among  the  superior  ceramic  pigments. 

As  Is  the  case  with  cobalt  aluroinate,  synthesis  of  cobalt  chromite 
CoCrgO^  has  been  studied  on  many  occasions.  At  a  tesiperature  of  1000^ 
and  two  hours'  exposure,  a  considerable  amount  of  the  blue-green  CoCrgO|^, 
which  crystallizes  in  the  cubic  system,  is  observed  to  form  in  a  mix¬ 
ture  of  the  oxides.  I 

Cobalt  ferrite  CoFe20|^  can  be  prepared  by  reaction  In  a  mixture 
of  the  crystalline  reagents  and  by  boiling  the  precipitated  hydroxides. 

This  substance  Is  grayish-black  In  color  and.  also  crystallizes  In  the 
cubic  system. 

The  splnelldes  also  Include  Co^O^.  Like  cobalt  chromite,  this 
conqpound  Is  used  In  the  production  of  ceramic  plgaents;  however.  It 
also  has  other  technical  applications. 


) 
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Syat— a  Vlth  mo 

;!v  Niekal  aluadnat*  NtAl20^  la  produced  by  reaction  In  a  nlxture  of 
tl^ 'oi^atalline  oxldea  and  by  heating  the  precipitated  hydroxides.  The 
color  of  a  mixture  of  MIO  vlth  Al20^  la  gray  on  heating  to  a  tempera* 
ture  of  690^  and  then  (at  730^)  beeomea. light  green;  the  mixture 
darkena  aa  the  temperature  la  further  elevated. 

Noticeable  formation  of  NlAl20j|^  takes  place  at  a  temperature  of 
700^;  lines  of  this  compound  have  been  Identified  on  x-ray  patterns 
at  1000^.  At  1100^,  me  note  complete  reaction  of  the  oxides  to  form 
this  splnellde. 

Terak  and  Uaytmor  [Whltemore]  [53B1  drew  attention  to  the  role 
taken  by  the  gaseous  phase  (vaporization  of  the  aluminum  oxide  and 
Its  Bilgratlon  In  the  vapor  state  to  the  NIO  surface)  in  high-tempera¬ 
ture  reactions  between  these  oxides. 

The  c<xapound  NIAI2O11  crystallizes  In  the  cubic  system  (a  »  8.04  A) 
has  a  refractive  Index  of  1.87&>  melts  at  a  temperature  of  2020^,  and 
forms  solid  solutions  with  both  NIO  and  AlgO^. 

It  has  been  established  by  x-ray  investigation  that  there  is  only 
a  single  compound,  NlCrgO^j,  in  the  NiO-CrgO^  syrterr..  It  is  btatneu 
chiefly  by  reacting  the  oxides.  It  was  established  th:*;  Ni 
have  low  solubilities  in  NlCrgO|^  at  a  temperature  of 

Khaufe  and  Psher  [2793  investigated  the  mechanic-:.  ’  kin:,  tt.s  of 
formation  of  nickel-chrome  spinel.  Tablets  of  N^O-  NiCrgO^  anc  Cr^O^ 
were  put  together  as  shown  in  Pig.  137.  The  experiments  were  run  for 
200  hours  at  a  tenqperature  of  1100°.  Vaporization  of  CrgO^  and  a  con¬ 
siderable  mobility  of  the  chromium  Ions  were  noted  here;  no  migration 
of  the  nickel  atoms  whatever  was  observed. 

The  CrgO^  layer  lost  weight,  the  spinel  layers  showed  practically 
(taking  evaporation  losses  of  CrgO^  Into  account)  no  change,  and  the 


't^-^.-.-';S}:  }^,  Chang#  in  Weight  of  TebletS'  (In  ng)  In  .:  ^i'. 


Change  in  Weight  of  Tableta  (In  ng)  In  HlO^Cr^Pf 
Syaten  at  t  ■  1100^«  t  •  200  hours  (except  fw*) 
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weight  of  the  NIO  tablet  Increased  (Table  4?)  due  to  forsMtlon  of  a 
new  layer  of  NlCr20||  on  the  surface  facing  the  spinel. 


The  authors  offer  the  following  explanation  for  the  results  thab 
they  obtained  (Pig.  157).  The  Cr20^  evaporates  from  the  surface  of  the 
tablet  4  and  condenses  in  the  air  atmosphere  on  the  surface  of  the 


spinel  layer  3  turned  toward  the  tablet  4.  This  Is  followed  by  dlf* 
fusion  of  chromium  ions  and  migration  of  electrons  In  layers  3  nnd  2 
In  the  direction  of  the  surface  of  layer  2,  which  faces  the  WIO  tab- 


Plg>  137.  Possible  formation  mechanism 
of  NlCr20j||  from  the  oxides  In  an  at¬ 
mosphere  of  air  at  a  temperature  of 
1100°  (after  Khaufe  and  Psher).  1-4)' 
tablets.  A)  Spinel;  B)  gas. 

let.  Here,  reacting  with  the  gaseous-phase  oxygen,  the  chromium  forms 
Cr20^,  which  then  evaporates  and  diffuses  through  the  gaseous  phase  to 
the  surface  of  the  NlO.  This  Is  followed  by  reaction  between  the  oxides 
to  form^ the  spinel.  , 

Nickel  ferrite  Is  encovintered  rarely  In  nature  (la  meteorites)  In 
the  fcnrfi  of  the  mlnezel  trevorite  MPe^O;^.  It  la  also  prepared  syn- 
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th«tie«lly  tram  th«  crystalline  oxides  (with  slight  formation  of  NlFegOii 

noted  St  s  tempersture  of  900^)  end  hy  boiling  the  precipitated  hy- 

‘  .  ' 

droxides  in  water.  This  cosipound  is  reddish,  brown  (with  violet  over¬ 
tones)  and  crystallises  in  the  cubic  system  (Sq,-  8.31  A). 

The  optical  properties  of  the  spinelides  described  —  the  alumi- 
nates,  chromite  and  synthetic  ferrite  of  nickel  -  were  studied  in  de¬ 
tail  by  Dilaktorskiy. 

Tumanov  pi^oduced  the  spinelide  MiCOg^'*©!^  by  reaction  in  a  crys¬ 
talline  mixture.  The  oxide  Ni^0||,  which  also  belongs  to  this  group  of 
spinelides,  is  also  known. 

S3.  TITANATES,  STANNATES  AMD  ZIRCONATES 

Titanates  have  recently  acquiz*ed  considerable  importance  in  the 
ceramic  industry.  Consequently,  the  processes  of  their  formation  in 
crystalline  mixtta'es  are  of  immediate  practical  interest.  They  have 
been  studied  in  reports  by  Khedval  and  Tsveygberk  [339]>  Pukal  [36O], 
Vartenberg  [36I],  Berezhnoy  [1],  Keler  et  al.  [3^2]  and  other  authors. 

It  is  known  fr<NB  these  rt.udies  that  four  ccxapounds  exist  in  the 
BaO-TiOg  system:  BaTiO^,  BaTigO^,  BaTi^Oy  and  BaTi^O^  and,  apparently, 
a  solid  solution  of  the  subtractions!  type,  TiOg  in  BaCO^. 

According  to  certain  sources*,  the  formation  of  barium  metatitan- 
ate  in  a  mixture  of  barium  carbonate  with  titanium  dioxide  may  be  ob¬ 
served  at  a  temperature  of  330^.  At  temperatures  from  830  to  900°  (ac¬ 
cording  to  Khervud  and  Klezens  [363]  at  a  temperature  of  1200°),  this 
process  goes  to  completion  within  an  hour.  Keler  and  Vaytkus  [362], 
who  studied  the  changes  in  phase  eoiq>osltion  of  .the  roasting  pz*oducts 
of  a  mixture  of  BaCO^  with  TiOg  (1:1)  on  gradual  heating,  observed 
marked  formation  of  titanates  in  it  beginning  at  830°.  Hei^,  the 
roasting  products  were  the  metatitanate  and  orthotitanate  of  barium. 
Subsequently,  Keler  and  Karpenko  [362]  showed  that  even  30  hours  of 
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•xpoaurt  of  a  Bab^<f  2T10g  mixture  jresults  In  foraatloil  <)f  •  hataror 
ganaoua  product  ecmalstlng  of  BaTiO^*  BaTl20g  and  BaTl^O^*  Bara*  the 
product  obtalnadi  by  aynthaala  at  tamparaturas  up  to  1200^  la  a  mlxtura 
of  BaTlO^  and  Bati^Oy  with  a  amall  content  of  BaTlgO^,  while  above 
1200°  It  containa  only  BaTlO^  and  BaTigO^.  At  a  temperature  of  1230^, 
the  barium  tz>ltltanate  beglna  to  decoeqpoae.  The  rate  and  extent  of  Ita 
decompoaltion  Increase  significantly  with  temperature,  so  that  after 
roasting  for  four  hours  at  a  tMperature  of  1320°,  a  mixture  containing 
70ft  of  TIO2  contains  only  the  decomposition  products  of  barium  trl- 
tltanate  ->  the  dltltanate  BaTl20^  and  the  tetratltanate  BaTl^O^.  [5^2]. 

Among  these  compounds,  the  moat  de-> 
tailed  study  has  been  devoted  to  barium 
metatltanate,  which  has  a  density  of 
g/cn^  and  Is  widely  known  as  a  ferroelec¬ 
tric,  l.e.,  a  material  In  which  polarlaa- 
tlon  arises  spontaneously  in  the  absence 
of  an  external  field.  BaTlO^  possesses  a 
structure  of  the  perovsklte  type  and  has 
a  cubic  lattice  with  an  elementary- cell 
parasKter  of  4.01  A  at  temperatures  above 
the  Curie  point  ( 120°) .  At  the  temperature 
of  120°,  a  phase  transition  (apparently  of 
the  first  kind)  takes  place,  with  the  re¬ 
sult  that  the  lattice  becomes  tetragwuil 
with  a  ratio  c/a  >  1  between  the  lengths 
of  the  elementary- cell  sides.  At  temperatures  of  0°  and  (—70°),  the 
spontaneous  polarization  of  BaTiO-  changes  direction,  and  phase 
transitions  also  occur.  At  tenpermturea  below  0  ,  BaTlO^  )ias  an  orth<>> 
rhombic  8yMetx7,  idtUe  l>eiow  (—70°)  it  has  a  monocllnic  (or  triclinic) 
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Pig.  138.  Reaction  of 
magnesium  oxide  with 
titanium  dioxide,  tl- 
tanomagnetlte  and  stan¬ 
nic  oxide.  1)  Mixture 
of  2MgO  +  TlOg;  2)  30ft 

MgO  +  70ft  tltanomag- 
netlte;  3)  2MgO  SnOg. 

A)  Fraction  of  MgO 
bound  in  ft}  B)  temper¬ 
ature  In  degrees. 


synmetry. 

Barium  ditltanate*  which  has  a  density  of  5*04^  crystallises  In 
the  monocllnlc  syngony,  while  the  trl>  and  tetratltanates,  which  have 
the  respective  densities  4.73  and  4.5  g/on^,  .crystallize  In  the  rhon- 
hlc  syngony  [5^2]. 

Three  coiqpounds  are  known  In  the  Mg0>T102  system:  Mg2T10||»  • 

MgTlO^  (geiklellte)  and  MgTi20g.  The  reaction  between  titanium  dioxide 
and  magnesium  oxide  In  an  equimolar  mixture  (1:1)  takes  place  with 
formation  chiefly  of  magnesium  metatltanate  [5^2].  Running  the  reac¬ 
tion  In  a  mixture  of  2Mc^  -t-  TIO2  at  various  temperatures,  Bei*ezhnoy 
[1]  observed  the  appearance  of  a  highly  Indicative  break  on  the  curve 
of  magneslum-oxlde  binding  versus  temperature  (Fig.  138) .  In  the 
author's  opinion,  this  break  can  be  accounted  for  by  the  reaction  of 
the  magnesium  metatltanate  formed  previously  with  the  magnesium  oxide 
at  a  tenq;}erature  of  10CX>-1200^. 


TABLE  48 

Binding  of  Calcium  Oxide  in  Formation  of  CaTlO, 
'  In  Mixture  of  CaCO^  +  TlOg  ^ 


1 

llpOXOJOIITCJkMCTk 
■f oimct  • 

2  wnr.  iia.iMi.  (•  *;)  aiw  TCMMpn/pH  ■  r^M. 

1100  j 

1300 

im 

1 

0.7 

1.S5 

J 

0.!'!* 

0.2 

o.»s 

3 

O.Vl 

0.2 

0.98 

1)  Process  time  In  hours;  2)  free  calcium  oxide 
(In  fi)  at  tei^peratures  In  degrees. 

Calcium  tltanates  of  various  compositions  have  been  described  in 
the  literature.  In  the  reaction  of  TlOg  with  CaCO^,  calcium  metatltan¬ 
ate  forms  directly 'after  dissociation  of  the  carbonate,  and  only  at 
temperatures  above  13OO-I350  with  an  excess  of  calc  Ivon  oxide  does 
trlcalclum  dltltanate  make  Its  appearance  [582].  According  to  Cocco*, 
we  may  also  observe  the  formation  of  a  tltanate  of  the  congtosltlon 
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SCaO'TlOg  at  temperatures  above  l48o°.  Yershov  156^3  showed  that  at 
teaperatures  below  1300^,  CaTlO^  (perovskite)  la  the  least  basic  com-  . 
pound  In  the  Ca0-T102  system.  process  of  CaO  binding  In  the  forma- 
tlon  of  CaTlO-  is  characterized  after  [^64]  by  the  data  of  Table  48 

.5«1- 

The  results  of  a  study  made  by  Parga-Pondal '  [563]*  which  chaz^- 
acterlzed  the  degz*ee  of  binding  of  calcium  oxide  In  its  reaction  with 
TIO2  In  mixtures  of  various  compositions  (Table  49)  confirm  the  con¬ 
clusions  of  Yershov  In  large  measure. 

Khedval  and  Anderson  [366]  established  that  at  tenqperatures  from 
900  to  1200^,  CaTiOj  forms  from  anatase  at  a  higher  rate  than  f  1*00 
rutile.  However,  when  the  rutile  (In  the  form  of  a  solid  solution) 
contains  a  few  percent  of  ferric  oxide,  the  rate  of  formation  of  j 

1 

CaTlO^  from  It  Is  higher  than  the  rate  from'  pure  anatase.  { 

'  Calcium  tltanates  (which  are  for  the  most  part  more  basic  than 
CaTlO^)  show  viscous  properties  on  reaction  with  water.  They  were  1  ) 

studied  In  detail  by  Yershov. 

Apart  from  those  noted  above,  reactions  In  crystalline  mixtures 
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have  been  used  to  prepare  many  other  tltanatee  -  Na2T10^»  ZnlT10^»  '  ■ 
CdTiO^f  PbTlO^,  and  so  forth  (see,  for  exu^le,  [567»  568]).  MoHevef» 
tltanates  of  group  II  of  D.I.  Mendeleyev's  periodic  systen  have  at 
the  present  time  acquired  the  greaitest  practical  Iqportance,  chiefly 
because  of  their  special  dielectric  properties  (which  were  studied  in 
the  work  of  Vul,  Smolenskiy  and  others). 

Pines  and  XUshta,  idto  studied  reactions  In  crystalline  islxtures 
belonging  to  the  NgO>Cr203*‘Ti02  system,  established  by  x-ray  means 
that  a  CMiqpound  Cr202*2Ti02  apparently  forms  In  the  T102>Cr202  systen. 
Only  solid  solutions  of  the  splnelide  type  were  detected  in  ternary 
mixtures  (which  contained  a  large  quantity  of  magnesium  oxide)  after 
roasting  at  a  temperature  of  1630°. 

The  orthostannate  llE^nO||,  which  possesses  the  spinel  structiire 
(Sq  «  8.63  A)  forms  in  the  Ilg0-Sn02  system.  Formation  of  this  coapowid 
In  a  solid  mixture  was  studied  In  detail  by  Berezhnoy  [1].  The  data 
that  he  obtained  (see  Fig.  138)  Indicate  that  this  process  takes 
place  at  a  significant  rate  at  temperatures  above  1000°.  Accoirding  to 
Berezhnoy,  the  melting  point  of  Mg2SnO|^  exceeds  1950°. 

As  Indicated  by  the  Investigations  of  Tanaka  [369]  and  others 
[570],  two  compoxinds  form  In  the  Ca0-Sn02  system  —  the  metastannate 
Ca0’Sn02,  which  crystallizes  in  the  rhoniblc  system  with  elementary- 
cell  parameters  a  -  3*93,  b  >  3*99  snd  c  >  3.87  A,  and  the  ortho¬ 
stannate  2Ca0*Sn02< 

In  a  dry  oxygen  medium,  the  reaction  between  the  initial  oxides 
takes  place  at  a  noticeable  rate  at  900°.  Its  primary  product  at  this 
temperature  and  higher  temperatures  Is  Ca0*Sn02>  which,  given  a  suf¬ 
ficient  quantity  of  calcium  oxide  In  the  reaction  mixture,  reacts 
further  with  It  to  form  2Ca0’Sn02  (Fig.  139)  •  The  reaction  rate  under 
the  conditions  studied  is  determined  by  the  diffusion  rate  of  the  ' 
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starting  reagents  through  the  layer  of  product..  The  Dechanlen  and 
kinetics  of  the  process  are  analogous  to  those  prevailing  In  reactions 
of  HgO  with  TIO2  and  MgO  with  Sn02»  although  the  activation  energy  of 
the  CaO  Sn02  reaction- Is  somewhat  smaller  than  that  of  MgO  Sn02 
[569h:  /  _  V,  * 

The  formation  of  alkaline-earth  zlrconates,  which  are  of  Interest 
for  the  production  of  refractory  and  electroceramic  materials,  has  i*e- 
cently  been  studied  by  numerous  authors  [444,  451,  453,  571  arid  others] 

It  has  been  established  that  the  rate  of  the  zlrconate- formation 
process  in  H0-Zr02  systems  rises  with  Increasing  basicity  of  the 
RO-type  oxide. 

The  formation  of  only  solid  solutions  in  the  Zr02  region  with 
limited  solubility  of  the  MgO  has  been  established  in  the  Mg0-Zr02 
system  for  teii5>eratures  up  to  1700°;  here,  the  excess  quantity  of 
magnesium  oxide  remains  in  the  form  of  perlclase  according  to  x-ray 
and  chemical  analysis  (444,  453] • 


Fig.  139 •  Reaction  of  calcium  oxide  with 
stannic  oxide.  Kinetics  of  process  with 
Ca0tSn02  «  2  and  t  «  1100°.  1)  2Ca0Sn02; 

2)  Sn02;  3)  CaO;  4)  Ca0Sn02«  A)  Content 
In  %'t  B)  time  In  hours. 


In  contrast  to  tho  above*  the  slreonatee  CeZrO^  and  BeZrO^  fbrp 
in  the  CeO-Zrt)2  end  ]Be0>Zr02  systeas.  The  calelun  slreonate  Is  formed 
at  a  marked  rate  when  CaCO^  raaets  with  Zr02  at  600^  and  higher*  and 
at  tmnperaturea  of  $00-1000^  and  above  In  the  ease  of  reaction  of 
CaO  with  Zr02*  Forsmticm  of  barium  slreonate  may  be  noted  at  tempera* 
turea  from  1100  to  1200^  [^53]*  As  for  solid  solutions*  their  forma¬ 
tion  has  been  established  for  the  Ca0-Zr02  system  by  Reference  [433]* 
while  It  has  not  been  confirmed  In  the  Ba0-Zr02  system. 

It  should  be  noted  that  the  rate  of  the  zlrconate-formatlon  reac¬ 
tion  at  various  temperatures  Is  of  great  Interest.  For  this  reason* 
and  In  connection  with  a  remark  made  earlier  (page  390)*  It  would  be 
helpful  to  study  It  cm  pure  zirconium  dioxide*  which  might  be  produced 
by  the  method  described  In  Reference  [443]. 

As  was  established  long  ago  by  Tammann  [211],  divanadlum  pentoxide 
reacts  with  MgO  and  CaO  at  temperatures  as'  low  as  300-600^. 

According  to  Yander  [372]*  the  reaction  may  be  noted  In  a  mixture 
of  MgO  with  V20^  at  a  temperature  as  low  as  430^.  In  this  system*  the 
lines  of  the  reaction  product  ai^>ear  on  the  x-ray  patterns  when  the 
ttiktures  are  roasted  to  330^  and  above.  The  reaction  goes  to  comple¬ 
tion  in  sik  hours  at  a  teaperatura  of  630^.  At  relatively  low  tempara- 
tures  (below  600^} *  we  observe  reactions  in  mixtures  of  magnesium 
oxide  or  calcium  oxide  with  tioO^*  and  00^.  Substitutlcm  inactions 
accompanied  by  formation  of  the  saam  products  take  plaee  at  high  rates 
under  the  siUli  condittahs*  s»g»»  rsistlong  In  mixturts  of  Hko  with 
ZnlloQ|»  edko^*  )bibO|*  and  tb  fbHht 

,  grovi#  of  Feaetibfts  eoAsidbred  briefly  in  this  section  is  A 
yOfy  iktOnSiVO  ono;  Hsu  infOrmAtiOn  concerning  them  Shd  the  pr^eTtieS 
and  applications  of  their  products  la  various  branches  of  engineering 
are  appearing  almoat  every  day.  For  this  reason*  we  can  only  Indicate 


the  necessity  of  systematic  generalization  of  Information  icm  thm  that 
has  come  to  light  in  publications  of  the  most  diverse  kinds,  eoni^  of 
which  have  been  directed  at  very  narrow  audiences.  ;  . 

§4,  SILICATES  ;  ^  \  : 

Reactions  in  crystalline  mixtures  that  form  silicate  systcna  'coh> 
stltute  one  of  the  broadest  regions  of  solid-state  chemistry.  Their  , 
scientific  and  practical  significance  in  the  production  of  glass, 
cements  and  refractory  materials  is  a  well-known  fact. 

These  reactions,  like  the  processes  of  spinellde  formation  in 
mixtures  of  solids,  may  be  classified  as  reactions  in  systems  with 
RgO,  RO,  ^2^3*  other  oxides. 

Let  us  consider  the  most  important  of  these  reactions. 

SystediS  With  RgP 

These  systems  and,  primarily,  the  reactions  that  they  encompass 
between  silica  and  sodium  carbonate,  potassium  carbonate  and  sodium 
sulfate,  present  particularly  great  Interest  for  the  glass  making 
and  alumina  industries.  Numerous  research  studies  have  been  devoted  to 
them  (see,  for  example,  [231,  339,  343,  399,  573-576]). 

On  the  basis  of  the  endothermic  effect  that  they  noted  on  the 
heating  curve  of  a  soda-quartz  mixture,  Tammann  and  El 'sen  l573l  con¬ 
cluded  that  these  substances  begin  to  interact  at  a  temperature  of 
780°.  Subsequently,  Khouers  and  Terner  1399]  showed  that  in  equimolar 
-mixtures  of  soda  and  silica,  almost  9P^  of  the  substances  has  reacted 
after  l4  hours  at  a  temperature  as  low  as  630*^,  while  the  reaction  has 
gone  practically  to  completion  after  50  hours.  However,  the  start  of 
the  reaction  can  be  observed  at  a  temperature  of  about  400°.  The 
authors  studied  the  course  taken  by  reactions  in  mixtures  of  silica 
with  sod:.'  in  the  molar  proportions  4,  3,  2  and  1.  It  was  established 
here  thaS  the  reaction  rate  between  the  reagents  is  higher  the  higher 
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th«  Blllea  eonttnt  in  the  nlxture}  the  rate  of  the  reaction  in  the 
fourth  Mixture  was  loweat..  Thia  obaervation  ia  eaaily  accounted  for  / 
on  the  baaia  of  diffusion  conceived  aa  the  linitlng  stage  of  the 
proceael^rActu^ly,  the  layer  of  product  a,  which  fom  in  thia  caae  on' 
the.  aiiica  grains,  ia  the  thinner  and,  accordingly,  offers  less  re»  'f. 
sistance  to  the  reaction  the  higher  the  content  of  SIO2  in  the  mix- 


Temer  1339  »  3991  arrived  at  the 
conclusion  that  the  reaction  kinetics 
between  soda  and  silica  (Pig.  l40)  nay 
be  described  by  the  monomolecular-reaco 
tion  equation.  The  incorrectness  of 
this  idea  was  demonstrated  later  [231] 
(see  pages  26l,  282).  Accoz^llng  to 
Strokov  [57^],  the  reaction  product  In 
this  case  is  sodium  metasilicate  Ifa^SiO^. 
Strokov  even  aserted  that  when  mixtures 
of  soda  with  silica  are  sintered,  only. 
this  single  compound  forms.  Irrespective 
of  the  proportions  of  the  reagents.  This  statement  was  subsequently 
refuted  in  the  studies  of  Llleev  [3^3),  Toropov  [II9],  Gibson  and 
Uord  [Hard]  (379]  and  Oinstllng  [231].  It  was  established  in  these 
studies  that  given  a  sufficient  content  of  sodium  carbonate  in  the 
mixture  (when  HagCO^-.SlOg  >2),  it  reacts  with  silica  to  form  sodium 
orthosllloate  by  the  formula 

2Xa,CO,  ,  SK),-.2Majp  SjO,  ! 

Budnikov  and  Matveyev  [5771  established  the  possibility  of  syn- 
theslzlAg  sodium  trlsillcate  Na20*3Si02  in  mixtures  of  NSgCO^  +  3SIO2 
at  teag>eraturea  of  700-750^,  and  Investigated  the  properties  of  this 


ture. 


Pig.  l40.  Kinetics  of  re¬ 
action  of  soda  with  sll» 
lea  at  temperature  of  800” 
[339*  399].  1)  Practlon  of 
bound  SlOp  In  2)  time 
In  hours.^ 


eoR^pound.  Its  refractive  Indices  are  N  -  1.^23  and  N  «  l.%65t  Ita. 
specific  gravity  (the  crystal  silicate)  Is  2.9^43,  and  its  themal- 
expansion  coefficient  Is  l65slO“^  [sic].  . 

Potassium  and  lithium  carbonates  react  with  slllca'^ln  the  -saM  way 
as  soda  1578).  '. :  ■"  '  ' 

In  contrast  to  the  above,  sodium  silicate  reacts  only  very  weakly 
with  silicon  dioxide  even  at  high  (above  1000^)  teng>erature8 .  The  re¬ 
action  In  the  Na^SOj^  -f  SlOg  +  C  system  goes  much  more  rapidly  (379> 
580]. 


Systems  With  RO 

The  formation  of  copper  silicates  by  reactions  In  crystalline  mix¬ 
tures  remains  completely  unstudied  due  to  difficulties  governed  chief¬ 
ly  by  the  ease  of  the  valence  change  in  copper.  It  has  been  established 
only  that  cupric  oxide  reacts  less  rapidly  with  SIO2  than  zinc  oxide 
and  copper  oxide  [38I]. 

Only  0.3^  of  the  Si02  Is  bound  by  CuO  as  a  result  of  a  half-hour 
reaction  at  630°.  The  lack  of  detailed  data  on  reactl(»i8  between  the 
oxides  of  copper  and  silica  Is  a  serious  obstacle  to  study  of  the 
physicochemical  foundations  of  copper  metallurgy.  These  reactions  are 
also  of  considerable  Interest  for  the  production  of  ceramic  plgsients. 

until  comparatively  recently,  reactions  in  mixtures  of  BeO  and  SIO 
and  the  diagram  of  state  of  the  BeO-SlOg  system,  which  la  of  great 
practical  Importance,  had  also  been  neglected. 

To  complicate  matters  further,  the  highly  limited  information  oh 
reactions  In  this  system  was  contradictory.  For  example,  Morgan  and 
Oammel  [382]  failed  to  confirm  Kakhachkl's  observations  [383]  to  the 
effect  that  phenaclte  2Be0*SiO2  forms  at  1330^  In  a  mixture  of  beryl¬ 
lium  oxide  with  silicon  dioxide  in  the  absence  of  wdnerallzers .  In 
Reference  [382],  phenaclte  was  synthesized  by  heatlx^  a  mixture  oT 


BeO  •¥  SIO2  (taken  in  2tl  proportions)  In  the  presence  of  of 

willeBlte  (ZngSlO^)  for  5  hours  at  s  tes^erature  of  1500**. 

In  1950f  Budnikov  and  Cherepanov  [384]  undertook  a  detailed  in¬ 
vestigation  of  the  reactions  of  berylliua  oxide  with  silicon  dioxide 
in  the  presence  of  ^a0*S102»  2Cd0*Si02  and  M1O2  as  additives.  Mixtures 
pressed  under  a  pressure  of  1000  kg/ca  were  roasted  in  an  atmosphere 
of  air  at  temperatures  of  1400»  15P0  and  l600^.  It  was  established  by 
petrographic,  x-ray  and  thermographic  investigations  that  phenacite 
does  not  form  at  these  temperatures  in  a  mixture  of  pure  BeO  and  SlOg* 
nor  in  the  presence  of  2Ca0*Si02  and  2Cd0*Si02;  manganese  dioxide  in¬ 
jected  into  the  mixture  in  a  quantity  of  2%  contributes  to  the  formation 
of  2Be0*Si02  in  it  at  1300^;  the  phenacite  synthesised  decomposes  in 
the  temperature  range  from  I3OO  to  l600^  (according  to  Morgan  and  Oammel 
[382]  at  a  temperature  of  1360^);  the  beryllium  metasilicate  noted  in 
the  literature  is  not  detected  under  the  conditions  of  the  experimentd. 

Reactions  in  mixtures  of  silica  with  magnesium  oxide  and  silica 
with  calcium  oxide,  which  are  of  exceptionally  great  Importance  and  do 
not  present  any  particular  difficulties  to  research,  have  been  studied 
in  minute  detail. 

The  first  investigation  of  reactions  between  crystalline  silica 
and  magnesium  oxide  (not  counting  the  recognized  work  of  Cobb)  was 
conducted  over  40  years  ago  by  Khedval  [383].  It  was  established  here 
that  the  reaction  product  is  forsterite  -  magnesium  orthosilicate, 
l.e.,  that  the  reaction  follows  the  scheme 

2MgO + SlO^-»  2MgO-SKV 

Reactions  in  the  Mg0-Si02  system  were  subsequently  studied  in  detail 
by  Yander  and  Vurer  [309],  Berezhnoy  [292],  Bubenin  [293],  Kutateladze 
and  Lutsenko  [311*  400]  and  many  other  investigators. 

According  to  Lutsenko  [400],  reaction  between  magnesium  oxide  and 
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silica  with  formation  of  small  quantities  of  r<3Vsterlte  may^  16r  noted 
at  a  temperature  of  900^  after  the  process  has  been  going  for  1  hour.  ;  . 

yander  and  Vux^r  l309l  ran  reactions  in  mlxttares  of  HgO  with  . 
5162  with  the  molar  proportions  2:1  and  1:3  and  teiig>erature8  of  llOQ 
and  1170  .  Determining  the  coimposition  of  the  roasting  products  by 
selective  solution  (using  aqueous  solutions  of  ammonium  salts  and  dl> 
lute  hydrochloric  acid)  and  by  x-ray  analysis,  the  authors  showed  that 
the  primary  reaction  product  In  these  mlxtuz^S  Is  Hg2S10|^,  Irrespective 
of  their  composition.  This  fact,  which  has  a  perfectly  good  thermody¬ 
namic  basis  [306]  (Chapter  4,  page  222)  can  be  accounted  for  primarily 
by  the  simpler  structure  of  the  forsterlte  crystal  lattice,  which  coh- 

li_ 

slsts  of  isolated  SlO^  tetrahedra,  while  formation  of  magnesium  meta- 

slllcate  requires  that  these  tetrahedra  be  connected  In  chains.  The 

growth  rate  of  the  magnesium  orthosilicate  grain  Is  therefore  much 

higher  than  that  of  the  metasilicate. 

Figure  l4l  characterizes  the  difference  between  the  formation  - 

rates  of  forsterlte  (Mg2S10j|)  and  magnesium  metaslllcate  (MgSlO^). 

Study  of  the  kinetics  of  the  reactions 

MgSK)^  +  MgO-«  Mg,SlO« 

MbSK),  +  SlO^-»2MgSlO^ 

has  shown  [294]  that  the  rate  of  the  first  is  many  times  that  of  the 
second;  this  circumstance  naturally  contributes  to  the  prlmaz^  forma¬ 
tion  of  forsterlte. 

It  Is  interesting  to  note  that  at  temperatures  from  1100  to  1170^, 
the  rate  of  formation  of  forsterlte  by  the  first  of  these  reactions 

Is  [294]  much  higher  than  by  the  reaction 

,  2MgO  +  SlOb — MgjSlO^ 

while  at  tenperatures  above  1200^,  the  rate  of  formation  of  forsterlte 
from  the  oxides  and  from  the  metaslllcate  and  oxide  of  magnesium  are 
practically  the  sane  (293]- 


It  was  eatabllahed  by  Berezhnoy 
[292]  that  th«  rate  of  the  foraterlte-  ' 
preparation  reaction  dependa  little  at 
these  teiq>e|^t.wea  on  the  fora  of  the 
initial  Bini^i-.silleate  conponent. 

Later  investigations  of  Berezhnoy  [38$» 
3971  showed  that  this  rate  is  also 
practically  independent  of  the  fora  In 
which  the  silica  is  used.  Thus,  the 
yield  of  forsterite  at  a  temperature  of 
1350*^  (in  per  cent  of  theory)  runs  as 
follows:  58.6jt  in  briquettes  made  frcsn 
magnesium  oxide  and  quartz  and 
from  magnesium  oxide  and  quartz  glass. 
For  practical  purposes,  therefoz^  (e«S<» 
in  refractory  production),  it  is  diffi¬ 
cult  to  take  advantage  of  the  difference 
between  the  formation  rates  of  foirster- 
ite  from  different  starting  materials. 

As  was  shown  by  Berezhnoy  [292],  the  forsterite- forming  i*eactlon 
goes  practically  to  completion  in  two  hours  at  a  temperature  of  1450^. 
However,  its  crystals  grow  slowly,  so  that  sintering  of  materials  con¬ 
taining  Mg2SiO|^  also  proceeds  with  difficulty.  This  circumstance  is, 
as  we  know,  a  source  of  serious  difficulty  in  the  production  of  for¬ 
sterite  refractories. 

Lutsenko  [400]  investigated  the  formation  of  magnesium  silicates 
in  tableted  mixtures  of  finely  dispersed  magnesium  oxide  and  rock 
crystal  in  the  form  of  grains  smaller  than  O.O6  wm  with  HgOxSlOg  pro¬ 
portions  of  2,  10  and  0.1  (the  first  of  which  corresponds  to  the 
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Pig.  141.  Yield  of  )«2^i04 


- and  MgSiO^ - —  in 

reaction  of  magnesium  oxide 
with  silica  in  a  mixture  of 
2MgO  4-  Si02  as  a  function 

of  temperature  [400].  1) 
Yield  of  product  in  %  of 
weight  taken;  2)  tempera¬ 
ture  in  degrees;  3)  ho\u*s; 
4)  minutes. 


forsterlte  refractory,  the  second  to  a  forsteriteoceinented  magiM^slte 
refractory,  and  the  third  almost  exactly  to  the  composition  of  ma^ 
neslumrcemented  Dlnaa). 

The  roasting  temperatijres  were  900,  1000,  1100,  1200,  1300,  1400 

and  1300^;  the  process  time  at  the  900  teiqperattire  was  1  hour,  and 

It  was  varied  from  30  minutes  to  8  hours  at  1000>l400^  and  from  5 

<  a 

minutes  to  4  houraa>ht  }500  .  As  a  result  of  chemical  phase  analysis 
and  petrographic  investigation  of  the  roasting  products,  the  sequence 
of  react  1  Ohs  marked  out  earlier  was  confirmed  for  the  MgO-SlOg  system. 
Formation  of  forsterlte  was  noted,  as  we  stated  above,  at  a  teiq>era> 
ture  as  low  as  900^,  and  that  of  magnesium  metaslllcate  was  observed 
at  1300^  in  the  first  silxture  and  at  1200°  In  the  third  mixture. 

The  composition  of  the  roasting  products  of  forsterlte  mixtures 
depends  heavily  on  the  uniformity  with  which  its  components  are  mixed: 
an  excess  of  silica  at  Isolated  points  in  the  mixture  results  In  for¬ 
mation  of  cllnoenstatite  by  a  secondary  reaction.  At  temperatures  be¬ 
tween  1300  and  1500°,  rapid  progress  of  the  reactions  Is  assisted  by 
development  of  quartz- regeneration  and  mineral-recrystalllzation  pro¬ 
cesses.  The  results  of  Reference  [400],  some  of  which  are- presented 
in  Figs.  I4l-l43,  enable  us  to  draw  inferences  as  to  the.  kinetics  of 
the  silicate-forming  process  in  this  system  over  a  broad  range  of 
temperatures,  although  It  Is  difficult  to  agree  fully  with  certain 
observations  in  Lutsenko's  treatment. 

The  mass-transfer  siechanism  In  the  crystalline  phases  during  the 
chemical  reaction  of  magnesium  oxide  with  silica  reduces,  according 
to  Vagner  [2l6],  to  counterdiffusion  of  magnesium  and  silicon  ions 
(see  $2  of  Chapter  3)<  In  view  of  the  special  lnq>ortance  of  reactions 
In  which  amgneslvBB  silicates  form  In  crystalline  mixtures,  it  Is 
apprciprlate  to  recall  the  processes  that  take  place  on  heating  of 
certain  hydrated  silicates.  Among  these,  thanks  to  the  work  done  by 


Qaral'dsen  [586],  th«  reactions  that  arlaa  when  serpentine  la  heated  /, 
have  been  most  thoroughly  studied,  they  say  be  reduced  basically  to  the 
following  scheswt  , 


y^v- 


H«Mf,^^3MiO+2SiQ^  +  lH^-«Mgm4.JI^^  / 

The  contemporary  conception  of  the  course  taken  by  this  process  say  be 
represented  schematically  as  in  Fig.  It4.  The  singularities  of  the 
serpentine  crystal*. lattice  structure  ("sheets*  with  Interstitial  hy¬ 
droxyl  groups)  dictate  progressive  elimlnatlm  of  water  as  the  tempera¬ 
ture  rises «  with  the  formation  of  cosplex  Intermediate  products  in 
the  process  (which  it  has  not  yet  been  possible  to  Isolate).  After 
elimination  of  the  greater  part  of  the  water,  the  serpentine  Is  found 
to  have  deconposed  Into  lagneslum  oxide  and  silica.  On  further  heat'ng 
of  the  mixture,  these  fine-dispersed  oxides,  which  probably  also  have 
many  crystal- structure  defects,  obviously  undergo  changes  in  accord¬ 
ance  with  the  schemes  described  above  (pages  386>  435)  with  fonaatlon 
of  crystoballte  and  forsterlte  as  the  primary  products.  It  Is  precisely 
these  substances  that  figure  as  the  crystalline  products  of  decomposi¬ 
tion  of  serpentine.  Magnesium  metasilicate  appears  only  at  high  tem¬ 
peratures  simultaneously  with  disappearance  of  the  crlstoballte. 

Completely  different  processes  take  place  In  thermal  decosposltlon 
of  talc  3Mg0*4si02'H20  (  587-589).  The  crystal  lattice  of  talc  contains 
elements  that  can  easily  be  dismembered  Into  chains  of  SIO^  tetrahedra, 
which  form  the  basis  of  the  lattice  structure  of  the  metaslllcates  of 
divalent  elements.  Consequently,  talc  does  not  decompose  <m  heating 
Into  free  oxides,  but  forms  magnesium  metasilicate  and  free  silica 
directly.  Eytel'  [590],  using  an  electron  microscope,  observed  the 
formation  of  magnesium  metaslllcate  and  amorphous  silica  as  primary 
products  of  thermal  decomposition  of  3ligO*^102*B^>  As  In  the,  case 
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Pig.  l42.  Processes  of 
silicate  formation  In 
a  mixture  of  2MgO  + 
SlOg.  - yield  of 

MggSlOj^; - yield 

of  MgSlO^; 

fraction  of  bound  MgO 
In  f6.  A)  Product  yield 
in  of  weight  taken; 
B)  roasting  time  In 
hours. 


Fig.  l43.  Reaction  of 
MgO  with  SlOg  in  mixtures 

of  various  compositions 
at  various  temperatures. 

-  forsterite,  first 

mixture  (2:1);  -  mag- 

neslte-forsterlte,  second 
mixture  (10:1); 
third  Dinas  mixture  (1:10). 
A)  Quantity  of  bound  MgO  In 
f(  of  maximum  possible;  B) 
temperatux*e  in  degrees;  C) 
Dinas;  D)  magneslte-forster- 
Ite;  E)  forsterlte;  P)  8 
hours . 


of  decomposition  of  serpentine,  complex  Interaedlate  products  that 
do  not  lend  themselves  to  Isolation  form  on  thermal  decoiig>osltlon  of 
talc.  Certain  Investigators  (e.g.,  Tilo)  find  that  In  thermal  decom¬ 
position  of  talc,  a  special  modification  of  magnesium  silicate  forms 
at  the  beginning  of  the  process;  this  Is  y-MgSlO^  or  protoenstatlte . 
However,  It  has  not  yet  been  proven  that  this  Is  not  simply  enstatlte 
or  cllnoenstatlte  with  an  imperfect  crystal- lattice  structure. 

Passing  over  the  Inadequately  studied  and  as  yet  highly  debatable 
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Pig.  144.  Phase  eo»> 
position  of  serpen¬ 
tine  as  a  function  of 
teiig>erature .  A)  Melt; 
B)  Intermediate  pro¬ 
ducts. 


Pig.  143.  Phase  con- 
position  of  talc  as  a 
function  of  tempera¬ 
ture.  A)  Melt;  B)  In¬ 
termediate  products. 


details  of  the  thermal-decomposition  process  of  talc,  we  may  repre¬ 
sent  the  contemporary  conceptions  of  the  most  liqportant  stages  of 
this  process  In  the  form  of  Fig.  143* 

The  thermal-dec<»po8itlon  procepses  of  anthophyllite  and  seplallte 


also  proceed  In  much  the  same  way  as  this  process.  The  thermal- decom¬ 


position  processes  of  minerals  of  the  humlte  group,  which  are  Important 


from  a  theoretical  standpoint,  have  been  altogether  neglected;  this 
represents  a  major  gap  In  the  physical  chmnistry  of  magnesium  sili¬ 


cates. 

Information  concerning  reactions  In  the  Mg0-S102  system,  which 
were  described  In  very  great  detail  above,  form  the  scientific  basis 
for  production  of  forsterlte  refractories  and  certain  types  of  special- 
purpose  ceramics,  and  may  also  be  used  for  production  of  special 
bonding  materials  that  contain  magnesium  silicates.  Very  little  study 
has  as  yet  been  devoted  to  the  latter. 
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Four  con«>ound8  are  known  fn  the  CaO-SiO^  ayatem:  CaO'SlO^^voitllia* 
tonlte)«  3CaO*2S10g  (ranklnlte),  aCaO'SlOg  (bellte)  and  3Ca0*Si02 
(ante).  The  reactions  I9  which  they  form  in  crystalline  mixtures, 
which  constitute  the  physicochemical  basis  for  production  of  Portland* 
cement  clinker,  have  been  studied  in  minute  detail  (see,  for  'exaaiple, 
[118,  335,  344,  369.  371,  585,  591-5941.  •  ^ 


Extensive  investigations  of  these  reactions  In  the  temperature 
range  tron  SOO  to  1350^  were  conducted  by  Nagal  et  al.  [391],  asiong 
others.  According  to  their  results,  the  primary  reaction  product  at 
a  temperature  of  900®  la  Ca^SigO^  (rankinite),  while  CagSlOi^  forms 
only  at  a  temperature  of  1200®.  The  observations  of  Strokov  are  In 
agreement  with  these  data  [374].  In  contradiction  to  this,  other  in* 
vestlgators  [II8,  344]  find  that  the  primary  reaction  product  of 
CaO  and  SlOg  in  crystalline  mixtures  is  ^>Ca2SiO|^. 

According  to  Yander  [344],  the  course  of  reactions  in  a  mixture 
of  2CaO  -f  SlOg  Is  represented  schematically  as  in  Fig.  46.  The  rather 
close  similarity  of  these  reactions  to  those  in  the  Mg0>S102  system 
is  characteristic.  Yagich  [393]  observed  the  start  of  formation  of  the 
reaction  products  of  calcium  oxide  with  silica  In  their  mlxtiu^  at  a 
temperature  of  900®,  using  the  emanation  method.  According  to  cex^aln 
investigators  [596],  these  oxides  react  with  one  another  even  at  350®. 
In  the  presence  of  CaFg  or  FegO^,  the  rate  of  reaction  of  CaO  with 


SlOg  Increases  considerably. 

The  investigations  of  Mamykin  and  Zlatkln  [335],  which  were  de¬ 
voted  to  the  kinetics  of  this  reaction,  confirmed  the  sequence  of  reac¬ 
tions  In  the  CaO-SlOg  system  that  we  described  earlier:  their  basic 
primary  product  Is  CagSiQi^,  with  some  Ca^SlgO^.  The  silicate  of  ccas- 
posltlon  CaSlO^  forms  only  frcan  these  compounds  (a  more  detailed  In- 
vesjtlgatlon  of  the  kinetics  of  silicate  formation  in  this  system  was 
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undertaken  In  the  studies  of  Toropov,  Olnstllng  and  Luglnlna  [369»  371] 
end  Chlshaeru  [373*  374})>  Some  results  of  these  studies  are  described 
in  Chapter  5* 

Budnikov  and  Bobrovnlk  [397]  established  that  at  a  temperature  of 
600^,  the  chief  product  formed  In  a  mixture  of  CaO  4-  SlOg  (itl)  Is 
Ca2S10||  and.  In  smaller  quantities,  Ca^SigOy;  at  a  temperature  of 
1000^,  on  the  other  hand,  CaSlO^  and  Ca^SlgOy  predominate  In  the  re> 
action  products,  and  S-CagSlOi^  Is  present  only  In  minor  quantities. 

The  authors  confirmed  the  stepwise  formation  of  the  products  In  this 
system:  Ca2S10|^  and  Ca^SigO^  are  unstable  intermediate  compounds, 
while  the  final  product  is  CaSiO^* 

One  compound  of  the  system  —  trlcalclum  silicate  Ca^SlO^  —  cannot 
be  produced  by  solid-phase  reactions  if  we  remain  within  the  limits  of 
the  system's  composition.  Its  rate  of  formation  is  exceedingly  low  and 
Increases  slightly  in  the  presence  of  magnesium  oxides,  manganese 
oxide  and  chromic  oxide  [398,  399 ]>  On  prolonged  exposure,  trlcalclum 
silicate  decomposes  In  the  solid  phase  at  temperatures  below  1200^ 
and  above  1900^. 

It  has  been  established  [578,  585]  by  investigation  of  the  influ¬ 
ence  exerted  by  the  type  of  silica  (precipitated  silicic  acid,  quartz, 
crlstoballte,  quartz  glass)  upon  the  rate  of  its  reaction  with  calcium 
oxide  that  there  is  a  slight,  if  practically  insignificant,  rise  in 
this  rate  In  the  case  of  unstable  forms  of  SlOg. 

Preliminary  .heating  of  the  quartz  in  the  presence  of  certain 
gases  has  some  effect  on  the  Intensity  of  its  reaction  with  CaO.  Here, 
according  to  KhedvSl  [8OO],  the  reaction  rate  diminishes  in  the  follow¬ 
ing  series  as  a  function  of  the  composition  of  the  medium  in  which 
the  quartz  has  been  previously  heated:  oxygen  or  sulfur  dioxide,  air, 
sulfur  trloxlde.  However,  the  differences  In  the  process  rate  are 
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practically  Inaignifleant  In  thla  case  aa  well.  ^ 

'  A  compantiva  study  made  by  Berezhnoy  [397]  on  the  reaction  : 

In  ayntheala  of  .oalcluB  and  nagnealum  orthoslllcatea  from  the  oxides 


has  shown  that  the  rate  of  Ca2S10j^  formation  exceeds  that  for  Mg2S10j^ 

at  all  temperaturea .  In  the  opinion  of  many  Investigators,  .this  effect  . 

may  be  due  to  the  higher  reaction  energy  In  the  first  reactlwi  end  >  . 

the  fact  that  the  Ca"*^  Ions  have  a  higher  mobility  than  the 

Calcium  orthoalllcate  exists  In  several  modifications.  Its  poly- 

morphlc  transformations,  which  were  studied  In  detail  only  recently 

{601-606],  are  of  very  great  Importance.  Correct  understanding  of 

these  transformations  and  refinement  of  our  conception  of  the  crystal  j 

*  ( 
structure  of  the  various  modifications  of  bicalclum  silicate  have  be-  j 

come  possible  as  a  result  of  application  of  Improved  x-ray  research  j 

I 

techniques.  Including  hlgh-tenperature  x-ray  procedures.  In  view  of  | 

the  data  of  Bredlg  [6OI],  Qrln  [602],  Belyankln  and  Lapin  (603], 

Val'kenburg  and  MacMurdy  (604],  Toropov  et  al.  [605,  607],  lUdgeley 


[606]  and  certain  other  authors,  the  polymorphism  of  calcium  orth^ 
silicate  may  be  characterized  [316,  607)  by  the  data  of  Table  50. 

We  have  at  our  disposal  Information  concerning  the  ciystalllzatlon 
of  the  high- temperature  a-2Ca0*S102  In  a  simple  hexagonal  structure 
(and  not  in  a  conplex  monocllnlc  or  trlcllnlc  atructure,  as  was  sug¬ 
gested  earlier),  chiefly  as  a  result  of  References  [602-604). 

Bredlg  [601]  was  the  flrat  to  refer  to  the  existence  of  an  In¬ 
termediate  a '-form  of  the  orthoalllcate,  which  corresponds  structurally 
to  B-KgSOj^.  The  high  speed  of  the  a*  ^  and  a*  y- transformations 

of  2Ca0*S102  prevents  us  from  Isolating  the  a'-form  at  high  twspera- 
tures.  However,  its  existence  has  been  established  by  x-ray  meanst 
the  »>ray  diagram  lines  of  bicalclum  silicate,  which  has  a  tea^erm- 
ture  [sic]  of  800-1000^,  differ  from  those  of  ow>,  and  >-2Ca0-8102 
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and  resemble  the  lines  of  ^K2S0^. 

‘in  1956,  using  direct  traces  of  ionisation  x-ray  diagrams  at 
’high  temperatures  for  study  of  the  polymorphic  tranoforsj^tlons  of  bl- 


TABLB  50 

Polymorphism  of  Blcalcium  Silicate 
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1)  Modification:  2)  crystalline  system;  3)  spe¬ 
cific  gravity;  4)  refractive  Indices;  5) 
perature  region  of  stability  In  degrees;  6)  below; 
7)  above;  8)  analogy  of  modification;  9)  a-2CaO* 
•SlOg  (high- temperature  form);  10)  hexagonal;  11) 

at;  12)  not  determined;  13)  a'-2Ca0’S102,  bredl- 

gite  (Intermediate  stable  form);  l4)  rhombic;  15) 
S'-2Ca0*S102,  bellte,  phellte,  larnlte  (Inter¬ 
mediate  unstable  form) ;  16)  monocllnlc ;  17)  P- 
2Ca0’S102  (Intermediate  unstable  form);  I8)  y- 

2Ca0’S102  (low- temperature  form). 


calcium  silicate,  Toropov  et  al.  [607)  established  the  existence  of 
S»-  and  a '-modifications  of  this  cwnpound  and  obtained  an  x-ray  dif¬ 
fraction  characterization  for  them. 

Because  of  the  low  symmetry  of  Its  lattice  and  the  numerous  poly¬ 
morphic  transformations  of  calcium  orthosilicate,  the  structure  of 
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F  t:-  b*llte  ^>2080*8102  haa  thus  far  remained  unatudted.  It  la  aaattne4  that 
tellte  csryatalliaea  In  the  monocllnlc  ayatem.  ^ 

More  detailed  Information  on  the  modlflcatlona  of  .blcalel.uai  alll- 


iZ' 


cate  may  be  found  In  the  papera  of  Toropov  ['3l6/j£07].  It  la  neceaaary 


to  note  that  tranalt Iona  of  2Ca0*S102  from  one  modification  to  another  )^ 
amount  to  a  change  In  the  poaltion  of  the  calcium  Ion  In  the  cryatal 
lattice.  In  the  a-  and  ^-forma  of  this  silicate,  the  calcium  Ions  are 
active  coordination  centers.  Here  we  have  maximum-density  packing  of 
the  lattice  structure  elements;  the  molecular  volume  of  the  cong>ound 
la  leaa  than  the  stun  of  the  molar  volumea  of  the  oxldea.  In  contraat 
to  thla,  Y-Ca2S102|,  like  08^8120^  and  CaSlO^,  shows  a  low  packing 
density;  the  molecular  volume  of  the  compound  Is  greater  than  the  sum 
of  the  molecular  volumes  of  the  oxldea. 

Some  of  the  polymorphic  transformations  described  above,  and  par¬ 
ticularly  the  0  -»  Y  transformation,  are  of  practical  Interest:  the 
P  -*  Y  transition  la  accoiq>anied  by  a  change  of  almost  lOJi  In  the  volume 
of  the  silicate,  and  this  may  give  rise  to  crumbling  of  the  material 
(for  example,  cement  clinker  or  dolomite)  on  cooling  Into  a  fine  pow¬ 
der;  moreover,  the  Y~form  has  practically  no  hydraulic  properties. 

In  view  of  the  above,  prevention  of  certain  tranaformatlona  In 
this  system  and  stabilization  of  the  hlgh-teaperature  forma  (chiefly 
the  o-form)  of  CagSlOi^  is  of  great  Importance.  The  latter  la  based 
principally  on  the  ability  of  calcium  orthoalllcate  to  form  various 
types  of  solid  solutions  and  oh  the  properties  of  the  latter. 

By  Introducing  minor  amounts  of  certain  additives  that  form  stable 
solid  solutions  with  the  high- temperature  hexagonal  form  of  CagSlO^, 
we  may  manage  to  retard  its  transformation  into  the  low-teag>erature 
rhosd»lo  form. 


AlgO^,  MgO,  Fe^O^,  TIO^*  ^2^3*  ^2^3*  ^2^5  other  oxldea 
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mmy  b«  ua«d  as  tha  additives.  Their  solubilities  In  a«2Ca0*S102 
respectively,  0.5*  0.5*  1*  1*  2.5,  8,  1J(,  and  so  forth. 

Toropov  and  Konovalov  sstabllshed  as  long  ago  as  1938  that 

the  hl|^teng>erature  forms  of  Ca2S10|^-  f orm  solid  solutions  that  shoe 
no  tendency'  to  undergo  transformation  to  the  Y>form  with  both  2BaO*SlQ 
and  SSrO'SlOg*  The  authors  studied  these  solutions  In  detail.  ^ 

The  action  of  all  of  the  crystal* chemical  additives  listed  above 
and  others  that  reduce  the  temperature  of  conversion  of  Ca2S10j^  [by] 
up  to  150^  and  more  comes  into  evidence  even  when  they  are  present  In 
quantities  equal  to  0.5  mole*percent. 

The  so-called  physical  stabilization  of  CagSiOi^  transformations 
by  means  of  additives  that  do  not  form  solid  solutions  with  the  sili¬ 
cate  but  break  up  Its  grains  and  weaken  the  influence  of  the  Internal 
stresses  that  arise  in  it  in  the  polymorphic-transformation  process 
is  another  known  procedure.  The  influence  of  these  additives  beccanes 
noticeable  when  they  are  present  In  contents  of  2.3-3  mole-percent 
and  hl^er. 

In  connection  with  the  importance  of  problems  of  stabilising  a- 
Ca2S10|^  and  preventing  crumbling  of  products  containing  it,  special 
research  studies  were  devoted  to  these  problems  by  Berezhnoy,  Budnikov 
Kukolev,  Toropov  and  many  other  investigators.  The  results  of  these 
researches  have  been  set  forth  in  detail  in  the  literature  on  bonding 
and  refractory  materials  (see,  for  example,  [296,  316]}  and  are  there¬ 
fore  not  considered  here. 

The  reactions  that  take  place  In  mixtures  of  CaO  with  SIO2  are 
of  very  great  Importance  for  glassmaking,  and  for  the  production  of 
Port  land- cement  clinker  and  dolomite  refractories.  The  reactions  are 
presently  being  exploited  on  the  widest  imaginable  scale. 

The  formation  of  compounds  in  the  SrO.S102  system  was  studied  in 


the  work  of  Eskola  (6o8]«  Yander  et  al. 
[309. and  others],  Nertse  (609]>  Xeler 
and  Olushkova  [610]  and  other  authors.  .  | 
The  exlatenea.  of  three  strontium -alll-  | 
cates  has  been  established:  SrSiO^, 
Sr2S102^  and  Sr^SlO^.  The  prlmairY 
product  of  the  reaction  In  an  oxide  mlx» 
ture  or  a  mixture  of  strontium. carbon- 
ate  with  silica  Is  strontium  orthoslll- 
cate  (Fig.  Ik6)  Irrespective  of  the 


propoz*tlons  between  the  original  reagents. 

According  to  Keler  and  Olushkova  [6IO],  the  formation  of  this 
product  may  be  noted  at  a  temperature  of  900^.  At  l800°  and  above.  It 
Is  converted  Into  the  metaslllcate  by  the  reaction 

SrtSiOi-hSiCVSSiSkV 

The  rate  of  this  process  Is  relatively  high,  as  a  result  of  the  appear¬ 
ance  of  a  liquid  phase  at  a  temperature  of  1320^.  In  mixtures  rich  In 
strontium  carbonate,  the  tristrontium  silicate  also  forms  at  a  tempera¬ 
ture  of  about  1100^  together  with  the  orthosilicate.  Later,  however. 

It  reacts  Intensively  with  the  remaining  silica  to  form  SrgSlOi^: 

2Sr,Si(\ +Sl0^-»3Sr,Si0w 

as  a  result  of  which  the  product  obtained  at  about  l400^  Is  almost  pure 
orthosilicate  [610]. 

Many  papers  have  been  devoted  to  barium  silicates  and  their 
preparation  by  reaction  of  the  crystalline  reagents.  These  Include  the 
Investigations  of  Eskola  [608],  Bouen  [6II],  Yander  et  al.  [309]* 

]Cra;|uze  and  Veyl*  [6l2],  Qrube  and  Trukses  [613]  and  many  other 
authors.  Lately,  a  circumstantial  Investigation  of  the  formation  con- 
dljlans  of  barium  silicates  was  undertaken  by  Keler  and  Olushkova 
'  -  468  - 


13141.  ,  ^ 

A  detAliad.study  of  the  Be0>Si02  system  was  conducted  by  Eskols. 
[608]  es >3,008-  ago  as  1922.  The  result  of  the  work  done  In  [  309*  608, 
6II-613]  and  other  studies  wee  detection  In  the  systesi  of  the  cosh*  . 
pounds  BOgSlO^  BaSlO^f  BSgSl^Og  and  BaSl20^  as  well  as  a  continuous 
series  of  solid  solutions  between  BaSl20^  and  Ba^Sl^Og.  According  to 
Trukses  and  Orube  (6131*  barium  metaslllcate  forms  at  first  In  the 
reaction  of  BaCO^  with  SlOg.  However,  It  was  established  In  the  high¬ 
ly  meticulous  research  of  Yander  and  Vurer  [309]  that  Irrespective  of 
the  proportions  between  the  reagents  In  the  initial  mixture,  the  pzd.- 
mary  reaction  product  In  this  case  Is- barium  orthosilicate  (see,  for 
example.  Fig.  49).  The  reaction  proceeds  rather  rapidly  even  at  tem- 
peratuKS  just  above  733^«  while  It  can  be  noted  only  at  about  1200^ 
when  BaSOjj  Is  heated  with  SIO2. 

Keler  and  Olushkova  studied  the  reaction  of  BaO  with  SIO2  with 
continuously  rising  temperature,  as  well  as  reactions  In  mixtures  of 
BaCO^  with  SIO2  St  constant  t«qperatures. 

The  Initial  mixtures  were  pressed  at  46o  kg/cm  and  then  heated 
while  the  temperature  was  being  raised  at  a  rate  of  6-7ViBln. 

The  authors  established  by  cnsplex  thermal  analysis  [422,  423] 
(see  Chapter  8),  as  well  as  chesilcal,  x-ray  structural  and  microscopic 
analyses,  that  barium  orthosilicate  forms  in  mixtures  of  barium  car¬ 
bonate  with  silica  Irrespective ' of  the  proportions  between  the  initial 
coiq>onents  at  temperatures  of  800°  and  above.  Beginning  at  about  700°, 
formation  of  minor  quantities  of  barium  metaslllcate  may  be  noted. 

In  mixtures  that  are  rich  In  barium  carbonate,  trlbarium  silicate 
begins  to  form  at  about  1000°  together  with  the  orthosilicate. 

With  SlOgsBaOO^  proportions  >  1  In  the  initial  mixture,  formation 
of  barium  metaslllcate  Is  observed  only  when  the  tenperature  csceeeds 


1100^.  The  formation  of  Ba2Sl20g  and  BaSigO^  was  not  confirmed  by 

.  The  authora  aynthealzed  Ba^lO^  at  a  temperature  of  l400^  aiul 
determined  its  most  Important  optical  constants,  jt  was  established 
that  the  conqpbund  crystallizes  In  the  hexagonal  syngony  with  the  ele¬ 
mentary-cell  parameters  a^  -  15.62  and  Cq  -  7.19  1314]. 

The  formation  of  willemlte  (Zn^SlO^)  in  the  reaction  of  zinc 
oxide  with  silica  and  the  remarkable  fluorescent  properties  of  this 
silicate  were  reported  as.  long  ago  as  1929  by  Pabst  (6l4]  and  scwne- 
what  later  by  Karl*  [615].  The  first  of  these  authors  showed  that  the 
reaction  In  mixtures  of  ZnO  with  SlOg  takes  place  at  a  noticeable  rate 
at  a  temperature  of  900®,  with  ZngSiOi^  alone  forming  Irrespective  of 
the  mixture  composition.  At  98O®,  the  yield  of  product  Is  about  lOOjt 
after  96  hours.  When  the  above  oxides  are  heated,  the  reaction  between 
them  passes  through  a  number  of  stages.  It  can  be  detected  at  a  teis- 
perature  as  low  as  700®.  The  first  lines  of  willemlte  In  a  pressed  z>e- 
actlon  mixture  can  be  noted  after  It  has  been  held  at  800®  for  a  few 
days  (in  the  case  of  quartz  as  S102).or  at  930®  (In  the  case  of  SlOg 
produced  by  hydrolysis  of  S1F|^).  ’ 

It  has  been  established  by  observation  of  dye  sorption  during  the 
reaction  process  that  the  orthoslllcate  forms  on  the  silica  grains, 
with  zinc  oxide  acting  as  the  "coating"  reagent  [616]. 

The  production  of  willemlte  by  reaction  In  crystalline  mixtures, 
which  is  limited  to  a  relatively  small  scale.  Is  nevertheless  of  con¬ 
siderable  Importance  In  connection  with  the  use  of  this  product  as  a 
brightly  fluorescent  material.  Here,  It  Is  only  necessary  rigorously 
to  regulate  the  sizes  of  the  granules  obtained  and  their  Impurity  con¬ 
tent  . 

The  reaction  of  lead  oxide  with  silica  to  form  PbSlO^  may  be  ob- 


8«rved  at  temperatures  as  low  as  580^  [211];  at  relatively  low  tempara- 
turea  (below  1000?),  a  liquid  phase  appears  In  the  reaction  mixture,  . 
leading  to  considerable  Intensification  of  the  process.  This  reactlm,* 
which  was  recently  studied  In  detail  by  Lindner  [261]  with  the  aid  o^  :.  ;.  ^ 
radioactive  Indicators,  takes  place  on  heating  of  lead- oxide* contain-  4 
Ing  glass  and  frit  charges  for  glazing. 

At  the  present  time,  very  little  study  has  as  yet  been  devoti^  to 
reactions  of  MnO  and  PeO  in  crystalline  mixtures  with  silicon  dioxide, 
although  they  are  of  unquestioned  interest .  It  Is  particularly  Im- ' 
portant  that  the  possibility  of  formation  of  ferrous-oxide  metaslllcate 
by  reaction  in  a  solid  mixture  be  Investigated;  this  has  not  yet  been 
achieved  In  devitrification  of  glasses  of  the  appropriate  composition. 

In  this  case,  we  always  observe  formation  of  only  Iron  orthosilicate  — 
fayallte  (PegSiOj^),  while,  as  we  know,  ferrous-oxide  metasilicate  — 
the  so-called  ferroslllte  (FeSlO^)  —  exists  under  natural  conditions. 

The  occurrence  of  reactions  In  mixtures  of  NIO  with  SIO2  and  of 
Co^Oj^  with  SIO2  was  demonstrated  by  Khedval  [!58l]. 

Systems  With  R2^3 

Ferric  oxide  reacts  neither  with  quartz  nor  with  crlstoballte 
[617].  However,  formation  of  sewne  unstable  addition  product  that  has 
not  yet  been  Isolated  takes  place  In  the  Pe20^-SiO2  system  at  the 
Instant  at  which  the  quartz  undergoes  transformation  (at  a  temperature 
of  573®) .  When  the  quartz  changes  to  crlstoballte,  the  ferric  oxide 
enters  Into  solid  solution  In  a  small  quantity;  this  Is  accompanied 
by  an  Increase  In  the  size  of  the  crlstoballte  elementary  cube  from 

6.99  to  7.02  A. 

Chromic  oxide  (Cr20^)  does  not  react  with  crystalline  silicon 
dioxide  [205]. 

As  we  know,  the  1120^-8102  aystem  Is  extremely  Impcurtant,  par- 
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tloularly  for  the  production  of  ceramics.  However^  certain  of  Its  aia»' 
peeta  still  remain  unclear  In  spite  of  the  enormous  number  of  rfsearch 
studies  that  have  been  devoted  to  It.  Only  recently  has  It  becoiie.possl- 
ble  to  eliminate  a  number  of  obscure  polhbs  rtlatlng  to  It.  . 


nHMtasoe$itnmm 
8yrf% 

Fig.  147.  Diagram  of  state  of  AlgO^^ 

SiOg  system.  1)  Cristobalite  -»■  liquid; 

2)  cristobalite  +  . . . ;  3)  solid  solur 
tlon  of  mullite  +  liquid;  4)  a-Al20^  +  . 

liquid;  5)  solid  solution  of  mullite; 

6)  ...•(•  liquid;  7)  solid  solution  of 
mullite  +  a-AlgO^;  8)  %  by  weight. 

The  only  chemical  compound  that  forms  In  this  system  at  hl|di 
temperatures  is  mullite  ~  BAlgO^^aSlOg.  It  crystallizes  In  the  fona 
of  prismatic  crystals  of  the  rhombic  syngony  and  has  a  specific  gravity 
of  3  (according  to  other  sources,  3>03}.  On  the  basis  of  data  of 
Bouen  and  Oreyg,  who  established  the  composition  of  mullite  In  1924, 

It  was  assumed  until  quite  recently  that  Incongruent  fusion  of  this 
compound  takes  place  at  a  temperature  of  l8l0^  with  decong>o8ltlon  in¬ 
to  liquid  and  crystalline  corundum.  However,  It  was  established  by 
Toropov  and  Galakhov  [6l8,  619I  In  1951  that  mullite  actually  melts 
without  decomposition  (the  diagram  of  state  of  the  Al20yS102  system 
Is  shown  In  Pig.  147,  according  to  Bouen  and  Oreyg  from  0  to  60)(  of  / 
AI2O3  and  according  to  Toropov  and  Galakhov  from  60  to  100^  of  Al^O^). 
The  congruent  melting  of  mullite  In  the  Al20^-Si0^  system  was  then 
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eonflxiMd  by  th«  x-ray,  erystal-optleal  and  themal  obaervatlmia  of 
Bidnlkov,  Traavya^kiy  and  xuahakovakly  (620], 

For  a  long  tlme^  the  relationahlp  between  nlnerala  of  the  allll- 
■anlte  group  and  aulllte,  underatandlng  of  which  la  neeeaaary  for  a 
eonplete  conception  of  the  Al20^-S102  ayatem,  remained  unclear^  It  be- 
caaw  known  aa  a  reault  of  the  work  done  by  Yakob  [621]  that  ci^atalllne 
Iqranlte  and  andalualte  Incorporate  alkali  In  their  cryatal  lattlcea, 
while  the  former  alao  Includea  water.  Tranaltlon  of  theae  mlnerala  Into 
pulllte  obvloualy  Involvea  elimination  of  these  components,  and  this 
should  take  place  In  a  cex*taln  temperature  Interval. 

The  clrcumatantlal  reaeaz^h  done  by  Qreyg  [622]  showed  that  the 
transition  of  iQfanlte  and  andalualte  Into  mulllte  on  heating  actually 
takes  place  progressively,  beginning  from  the  grain  surfaces..  Accord¬ 
ing  to  Yakob  and  certain  other  authors,  the  ready  transition  of  kyanlte 
Into  mulllte  Is  accounted  for  by  the  presence  of  the  water  In  Its 
crystal  lattice  In  addition  to  the  alkali. 

It  Is  highly  probable  that  the  sllllsianlte 

lattice  also  contains.  In  addition  to  the  ions 
^  2— 

Al*^,  SI  and  0  ,  certain  other  Ions  that  are 

relatively  firmly  bound,  the  elimination  of 
which  Is  involved  In  the  transition  of  sllli- 
manite  to  mulllte. 

The  reaction  of  mulllte  formation  In  crys¬ 
talline  mixtures,  which  has  been  the  object  of 
numerous  Investigations  (see,  for  exaisple,  [238, 
239,  623-626]  and  others),  has  nevertheless  not 
been  fully  studied. 

On  heating,  the  aluminum  hydroslllcates 
(kaollnlte,  pyrophylllte  and  others),  which  are. 


Pig.  148.  Phase 
composition  of 
kaollnlte  as  a 
function  of  te». 
perature.  1)  Melt; 
2)  Intezsedlate 
pz^ucta. 


^  widely  dlatrlbuted  In  nature*  give  up  water  and  are  pltlawtely  eonv^ 
ed  Into  mulllte  and  crlatoballte  (Pig.  148). 

1}  '  ^  The  themal'deconipoaitlQn  proeeaaea  of  tbeae  hydroallleateiVa^. 
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extremely  eoiaplex  and  thua  far  remain  'completely  unreaearohed . .  T^re 
are,  among  other  thlnga,  varloua  conceptlona  aa  to  the  nature  of  tl^t 
dehydration  producta  of  kaollnltes  > 

AI,Oi.2SlO,.2IV)^  AlA  +  2aoi+ 


AIA*2SA-2H,0-.>  AlA»Ob  + 

+  2HA 


AlA'2SiO|i*2HyO->AlA-SA+ SA+SIVX 
4(A  A‘2SA-2HyO)-*'4AlA*3SA  +  4SA  +  »A 


and,  accordingly,  as  to  the  nature  of  the  formation  of  mulllte  froai 
theae  producta: 

3A  A+ <SA-»3AIA>2SA+ 4SA./ 

3(AIA‘2SI0^-*3AIA*SA  + 

The  most  probable  of  the  reactions  Hated  above  for  the  deeoav>o> 
sltlon  of  kaollnlte  are  the  flrat  two.  Aa  concema  the  mulllte-fonaa* 
tlon  procesa,  both  of  the  reactlona  Hated  above  and  certain  others 
are  poaalble  here. 

The  procesa  of  mulllte  formation  may  be  obaerved  at  a  tempera¬ 
ture  aa  low  aa  900°,  although  its  rate  at  even  higher  temperatures  la 
relatively  low;  In  practice.  It  doea  not  go  to  completion  when  kaolin- 
ite  la  heated  even  after  the  swlt-haa  an>aared  (1343^).  A  certain 
quantity  of  alumina  remalna  In  the  form  of  a  glaaa  (the  growth  of 
mulllte  gralna  proceeda  very  alowly  In  the  abaenoe  of  the  ao-called 
mlnerallsera) . 

Conducting  the  reaction  of  kaolin  with  alumina  at  temperatures 
of  l600,  1630  and  1670°  with  a  reaction  time  of  2  hovura,  Budnikov  ea-r 
tabllahed  that  the  roasting  producta  contained  76.2,  8l.k  and  ^.TJt 
of  mulllte,  respectively*  carundum  (8-lOjO  and  a  silica  gllasa.  Mdi- 


Itlvts  (2-4jt)  of  HBCl2f  llnCl2»  ^2^5  ^2^3  ‘accelerated  the  crystalli¬ 

sation  process  of  the' aulllt*. 

Syatens  With  ROg  and  Other' Qxldea . 

The  dioxides  of  titamiuai  and  tin  and  the  vanadium  oxides  V20^  and 
^2^^  do  not,  as  we  know,  react  w^h  silica.  In  contrast  to  this,  Zr02 
forms  the  compound  ZrS10||,  alrcon,  with  silica.  At  high  temperature, 
this  silicate  decomposes  Into  ZrO^  and  SlOg,  with  partial  transition 
of  the  SIO2  Into  the  gaseous  phase  easily  noted  at  teny>eratures  above 
1900^.  Numerous  research  data  on  the  "dissociation  temperature"  of 
zircon  give  figures  In  the  temperature  range  from  1340  to  2000^  and 
disagree  widely  with  one  another.  Thus,  for  example.  It  Is  2000^  ac¬ 
cording  to  Reference  [627],  and  1300-1730^  according  to  [628]. 

Such  a  significant  difference  In  the  figures  obtained  by  differ¬ 
ent  authors  may  be  accounted  for  by  the  known  arbitrariness  of  the 
very  concept  of  dissociation  temperature  and  the  differences  in  the 
conditions  (purification  of  the  test  materials,  and  so  forth)  and  the 
methods  of  determination. 

According  to  Zhirnova  [629],  the  melting  point  of  zircon  is  2430^ 
while  according  to  Kreydl  [630],  It  lies  between  2200  and  2300*^. 

The  reaction 

Zi<\  +  SiO^-»ZrSiO,  . 

can  be  noted  at  temperatures  of  l460^  and  above.  At  the  present  time, 
this  reaction,  like  the  entire  ZrOg-SiOg  system,  which  is  of  interest 
for  refractory  technology,  has  not  as  yet  been  thoroughly  studied. 

^en  more  neglected  have  been  reactions  In  other  binary  systems 
Including  silica,  such  as  p20^-Si02,  BI2O2-SIO2,  and  so  forth. 

Ternary  and  Multicomponent  Systems 

The  most  Interesting  among  the  ternary  silicate  systems  is  that 
formed  by  Na2^*  S102»  which  is  the  basis  of  glassmaking.  The 


\ 


ireaetlons  taking  place  in  it  were  studied  by  TaMnann  [573]  Mid  ^rh^ 


et  al.  [631].  They  established  the  formation.  Initially,  of  1^2310^ 
'(et  about  85O®),  followed  by  CaSlO^  (about  1000®y^Str<flt^« 

Showed  that  ternary  compounds:  form  in  mixtures  with  all  proportions'^''? 2 


of  Na20,  CaO  and  SIO2  at  temperatures  above  1000  .  The  CaO^rw-A.^^^^, 
system  has  recently  acquired  great  Importance  In  the  production 
magnesium  refractories.  Taylor  and  Williams  [632]  made  a  series  of 
experiments  In  the  solid-mixture  synthesis  of  all  ternary  ccxnpoxinds 
(with  the  exception  of  merwlnlte)  encountered  In  this  system.  The 
authors  demonstrated  the  possibility  of  producing  akeziaanlte  and 
montlcelllte  In  mixtures  of  the  oxides  by  heating  them  to  temperatures 
of  600-1100^.  Dlopslde  was  synthesized  by  Erenberg  [633]  somewhat 
earlier  by  holding  a  reaction  mixture  containing  a  small  quantity  of 
CaPg  at  a  temperature  of  620^  for  323  hours.  Merwlnlte  was  obtained 
In  a  solid  mixture  by  Shtrassen  [634]  and  Femlster  [635]«  Thus  was 
demonstrated  the  possibility  of  synthesizing  all  ternary  coaopounds 
of  this  system  in  crystalline  mixtures,  and  It  remained  only  to  study 
the  course  taken  by  the  corresponding  reactions.  Acco^lng  to  Taylor 
and  Williams,  the  magnesium  oxide  may  substitute  calcium  oxide  In 
the  silicates.  This  point  of  view  was  negated  by  Shtrassen  [634]  and 
Berezhnoy  [397],  who  followed  quantitatively  (the  former  using  powder 
diagrams  and  the  latter  by  selective  solution)  the  progress  of .reac¬ 
tions  in  which  the  magnesium  oxide  in  the  silicates  was  substituted 
by  calcium  oxide.  These  reactions  take  place  at  high  speed  and  go  to 
completion  within  2  hours  at  temperatures  from  1200  to  1300^.  In 
studying  various  ways  to  form  and  decompose  montlcelllte  and  merwlnlte, 
Berezhnoy  [397]  established  that  the  preparation  reactions  of  these 
oonpounds  take  place  In  stai^. 

Calcium  orthoslllcatm,  the  formation  rate  of  which  Is  considerably 
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higher  than  that  of  Mg2Si0j|  [and  in  the  synthesis  of  monticelllte  even 
higher  than  that  of  Ca^Ng(SiO||)2]»  la  an  intermediate  jproduet  of  the 
reaction.  Only  a  comparatively  small  quantity  of  ternary  compounds 
appears  to  form  directly  from  the  oxide,  and  then  this  happens  only  at 
temperatures  of  the  order  of  1300^.  As  a  result  of  the  low  reaction 
rate  in  the  formation  of  merwinite  in  a  crystalline  mixtu2*e,  its  syn¬ 
thesis  is  rendered  difficult  in  practice,  while  monticelllte,  on  the 
other  hand,  is  produced  relatively  easily.  The  latter's  rate  of  former 
tlon  is  relatively  high  when  some  of  the  stagnesium  oxide  has  been  sub- 
stituted  by  calcium  oxide  and  low  when  the  process  corresponds  to  the 
equation 

CtSfO,  +  MgO>*.CaMgSlO«. 

Akermanlte  appears  to  form  in  the  synthesis  of  monticelllte  from 
dlopslde  as  an  intermediate  product  of  the  reaction. 

Due  to  the  fact  that  the  product  obtained  in  a  synthesis  of  mer¬ 
winite  may  retain  a  relatively  large  quantity  of  bicalcium  silicate, 
which  is  an  intermediate  product  of  the  reaction  and  sometimes  causes 
decrepitation  of  specimens,  the  merwinite  "cement”  should  be  used 
with  great  caution  In  magnesium  refractories. 

Studying  the  changes  undergone  by  thermolite  on  heating,  Tilo 
[636]  showed  that  a  solid  solution  of  magnesium  metasilicate  (cllno- 
enstatite)  in  helenlte  and  crlstobalite  forms  from  this  mineral  at  a 
temperature  of  1100^. 

Krauze  and  Veyl*  [6l2]  set  up  separate  experiments  to  study  reac¬ 
tions  in  Na2C02- 6000^-8102  mixtures.  However,  their  work  is  of  the 
nature  of  preliminary  research  and  the  data  obtained  require  improve¬ 
ment  . 

As  yet,  the  reactions  in  the  MgO-Al 20^-8102  system  have  been  the 
subject  of  little  study.  Investigation  of  the  process  in  which  the 
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)  only  stable  ternary  eoiis>ound  of  this  system,  cordlerite  Mg^Ali^Sl^O^g, 
forms  in  this  system  would  be  of  special  interest,  since  it  has  direct 
'  Importance  for  the  technology  of  electrical  ceramics  and  for  certain-  ' 
Other  branches  of  engineering.  .  ■  V 

* "  According  to  Bistrem  [637],  who  Investigated  the  behavior  of  an 

llg0:Al20^:Si02  «  20:40:40  (percent  by  weight)  mixture,  the  eoiqposl- 
ti<m  of  which  is  near  that  of  cordlerlte,  observed  first  the  formation  ^ 
of  crlstCballte,  and  then  that  of  forsterite  spinel  ^  |i 

(HE^1204)  in  devitrification  of  a  glass  of  this  composition.  Only 
later  do  cordlerlte  and  magnesitim  metaslllcate  (cllnoenstatlte  and  ! 

pi*otoen8tatite)  form  from  these  substances. 

In  this  case,  therefore,  we  have  first  the  formation  of  binary 
and  then  that  of  temasry  compounds . 

Budnikov,  Avetlkov  and  Zvyagil'skiy  (638]  investigated  the  process 
in  which  cordierite  forms  in  a  mixture  of  talc  with  fireclay  and 
alumina  taken  in  proportions  calculated  stoichlometrlcally  to  produce 
2MgO’2Al202*3S102<  The  formation  of  this  compound  in  such  a  mixture  : 

may  take  place  according  to  the  reaction 


3MgO-4SiO^-Hp+2|AlA-2SlOb*2H/)H4AlA-«’ 


Roasting  of  the  slurry  obtained  from  the  Initial  mixture  was  con> 
ducted  at  a  final  temperature  of  1330^.  It  was  established  by  x^ray 
investigaticm  of  the  roasting  products  that  when  cordierite  is  pro¬ 
duced  from  this  raw  material,  cllnoenstatlte  and  mullite  fora  aimul- 
taneotisly  from  the  above  starting  material  (by  the  reaction  presented), 
as  does  spinel. 

The  Cm0-Al20^Si02  system  is  exceptionally  important  for  silicate 
technology,  in  that  it  encompasses  the  production  not  only  of  ceramics, 
but  also  of  Portland- cement  clinker,  alumina,  and  so  forth.  There  are 
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two  principal  ternary  e<»4>ound8  In  this  aysten:  helenlte  Ca2Al2Si0y 
and  anorthite  first  of  these  nelts  at  1^90^  and  the 

second  at  1550^.  ^e  possibility  of  their  synthesis  in  a  solid  mix- 
ture  ^^S  long  been  known*  although  its  kinetics  resiained  xonstudied 
prior  to  the  investigations  of  Yonder  and  Petri  [295]*  These  authors 
produced  helenite  and  anorthite  both  frcvn  the  oxides  and  from  a  iBix« 
ture  of  CaAlgO^  +  CaSlO^  and  mixtures  of  sillimanite  with  calclxim 
carbonate  or  with  CaSiO^.  In  view  of  the  difficulty  of  chemical  separa** 
tlon  of  the  materials  in  these  cases*  the  authors  enqployed  the  x-ray 
examination  method.  According  to  their  data,  the  intermediate  reac¬ 
tion  products  in  the  formation  of  helenlte  at  a  temperature  of  1100° 
are  the  compounds  12CaO*7Al20^  (taken  earlier  for  3CaO*3Al202)  and 
P-Ca2Si02^;  also  present  in  the  oxide  mixture  was  CaAl20j^  After  1  hour 
and  45  minutes  from  the  start  of  the  experiment,  calcium  metaslllcate 
also  made  its  appearance.  As  the  reaction  advanced,  the  quantity  of 
CaAl20j^  and  p-Ca2Si0^  Increased,  while  those  of  12CaO*7Al20^  and  CaSiO^ 
diminished  with  the  simultaneous  appearance  of  helenite.  After  7  hours 
45  minutes,  the  reaction  mixture  contained  a  large  quantity  of  helenite 
as  well  as  CaAl20^  and  ^-CagSlOi^.  After  heating  for  I85  hours,  pure 
helenlte  was  obtained. 

Studying  the  formation  of  helenite  by  the  reactions 

CaSiQi  +  CaAlA-^Ca^l,SiO„ 

I2CaO-7A]/),  +  6SiO^-«6(Ca,Al2SlO,)+ Al/V 

l-Ca,SiO«  +  AlA-»Ca,AI,SiO,. 

*  ■ 

the  authors  arrived  at  the  conclusion  that  the  first  of  these  takes 
place  at  a  low  rate  at  a  tenqperature  of  1100°:  helenlte  can  be  de¬ 
tected  only  after  14  hours,  and  the  reaction  has  not  gone  all  the  way 
to  ccmpletion  after  53  hours;  no  Intermediate  products  form  in  this 

According  : 0  Yander  and  Petri,  the  rate  of  the  second  reaction  is 
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case 


^0:  :  '  ■  .  '  '  '  ■  ■ 

hlgh«r  than  that  of  the  first  (there  is  much  helenlte  In  the  nlxttilri' 

after  1  hour  43  minutes,  while  the  major  part  of  the  alumlnate  has 
reacted  after  3  hours  .43  minutes),  and  that  of  the  third  reaction  Is 
higher  than  that  of  the  second  (at  1100^,  helenlte  lines  are  detected 
on  the  powder  diagram  after  13  minutes,  and  after  13  hours  43  minutes 
.  the  reaction  has  gone  almost  to  conpletlon). 

The  rate  at  which  Sllllmanlte  reacts  with  calcium  carbonate  Is 
relatively  high:  at  a  temperature  of  1100^,  over  30)(  of  the  starting 
reagents  have  been  converted  Into  helenlte  after  7  hours  43  minutes: 

AliSiO,  +  2CaC0^-«  Ca,AI,SiO,  +  90(V. 

The  process  In  which  helenlte  forms  In  a  mixture  of  oxides  takes 
place,  according  to  Yander  and  Petri,  in  the  following  manner.  The 

I 

confounds  l2Ca0*7Al20^  and  ^-Ca^SlOii  form  first.  Then  part  of  the 
alumlnate  reacts  with  SlOg  and  the  orthoslllcate  with  AlgO^  to  yield 
the  basic  mass  of  the  helenlte.  The  CaAl^O]^  and  CaSlO^  produced  con> 
currently  react  slowly  with  one  another  to  complete  the  formation  of 
the  helenlte. 

j  ■ 

I  Anorthlte  may  be  synthesized  from  a  mixture  of  kaolin  with  CaCOo 

i  ^ 

!  and  from  mixtures  of  CaCO^  with  Al^O^  and  SlOg.  The  last  reaction  path, 
which  lends  Itself  more  readily  to  Inspection,  was  the  one  to  which 
'  Yander  and  Petri  devoted  most  of  their  study.  After  13  minutes  of 

s 

heating  at  1100°,  the  compounds  12Ca0*7Al20^  and  CaSlO^,  as  well  as 
I  small  quantities  of  ^-Ca2S10j^  and  CaAl202^  were  Identified  In  the  re- 
I  action  mixture.  After  1  hour  43  lalnutes,  dlopslde’made  Its  appearance 
In  It,  and  after  7  hours  43  minutes  the  alumlnate  12CaO‘7Al20^  had 
I  vanished;  here,  the  content  of  CaSlO^  had  diminished  noticeably,  while 

1  the  content  of  P-CSgSlOi^  had  Increased,  it  is  highly  probable  that  an- 

orthlte  was  already  present  In  the  mixture  but  could  not  be  Identified 
because  Its  lines  are  superimposed  on  others  In  the  powder  diagram. 
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Aft«r  13  hours  43  minutes  had  elapsed  from  the  start  of  the  experiment, 
the  calcium  metasllicate  vanishes  and  the  content  of  anorthlte  In  the 
mixture  Increases.  Even  after  300  hours  of  exposure,  however,  dlopside, 
crlstohallte  and  ^-Ca2S10j^  could  still  be  detected  In  addition  to  anor^ 
thlte  In  the  reaction  mixture. 


TABLE  31 

Sequence  of  Formation  of  Compounds  in  Synthesis 
of  Dlopside 


1 

f<,i— wtii. 

1  2  TtKMtrttfft  •  ifaa. 

1 

ma 

IM 

tmt 

l9CaO-7AM^ 

GaSK), 

CaO-AtA 

3CaO-AlA-SiOk 

30rcyTmjeT  b  cbcmb 

COCflB# 

1 

4 

MaKpanoMnacni 
acao  oapeacaaH 
a  cacae  cecraaa^ 

*  The  sinter  cake  was  obtained  from  a  mixture  of 
of  2CaC0^  +  A1(0H)2  +  crystalline  SlOg. 

1)  Compound;  2)  temperature  In  degrees;  3)  lack> 
ing  In  sinter  cake  of  composition*;  4)  definite* 
ly  distinguishable  microscopically  in  sinter 
cake  of  cony>osltlon*. 

Study  of  the  process  of  anorthlte  formation  by  the  reactions 
Ca,AI,SiO,  +  2SiO,  -»Ca  AI,Sl,C\  CaSKV 

Ca,Al2SiO;+AI,Q,  +  3SiO^-*2(CaAl,SiA)i 
CaAip, +2Si0,-»CaAI,Sl,0, 

at  temperatures  from  1030  to  1100^  led  the  authors  to  the  conclusion 
that  the  first  of  these  reactions  proceeds  at  the  highest  rate:  in  It, 
anorthlte  may  be  detected  after  1  hour  45  minutes.  The  formation  of 
anorthlte  In  the  second  and  third  reactions  may  be  observed  only 
after.  3  hours  43  minutes.  Here,  the  quantity  of  anorthlte  that  has 
formed  in  the  mixture  is  insignificant  when  the  third  reaction  is  run 
under  these  conditions  even  after  13  hours.  When  the  temperatvire  Is 
raised  to  l400^,  the  starting  reagents  are  converted  completely  Into 
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TABU  52 

Sequenctt  of  Coiqpound  Formation  in  Synthoaia  of 
Anwthlta 


(  ; 


g/itVng  the  roaating  producta  microacopically  and  by  x-ray  analyaia, 
tlMj  authora  arrived  at  the  concluaion  that  the  aeqpienee  of  reactlona 
leading  to  the  formation  of  diopaide  and  anorthlte  correagxaida  to 
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1)  Compound;  2)  temperature  in  degreea. 
the  anorthlte  after  10  hours. 

Sllllmanite  undergoea  virtually  no  reaction  with  calcluai  meta- 
ailleate.  Thua,  diopaide  forma  aa  an  intermediate  reaction  product  In 
the  ayntheala  of  anorthlte.  However,  according  to  Yander  and  Petri, 
anorthlte  forma  directly  in  a  mixture  of  kaollnlte  with  CmOOy 

According  to  Khedval  [2l4],  the  reaction  may  be  noted  In  such  a 
mixture  at  teiqperaturea  of  the  order  of  800^.  Budnikov  and  Bobrovnik 
[397]  ahowed  that  at  a  temperature  of  600^,  the  proceaa  In  which  the 
calcium  oxide  la  bound  in  a  mixture  with  kaolinite  haa  gcme  practically 
tc  completion  within  2  houra  or  leaa.  The  Inveatlgationa  of  Strokov 
[374]  ahowed  that  in  reactlona  in  mlxturea  of  CaO  with  Al20^  and  SlOg* 
;;he  alumlnate  (CaAlgOj^)  and  alllcatea  of  calcium  (Ca^SiOj^  and  awre 
baalc  alllcatea)  form  aa  intermediate  products. 

A  clrcxunatantial  inveatlgation  of  the  processes  in  which  diopaide 
and  anorthlte  are  formed  by  reactions  in  crystalline  mixtures  was  made 
by  Olnzberg  and  Lygina  [294].  Conducting  these  processes  in  mixtures 
of  .various  compositions  at  temperatures  from  900  to  1200°  and  Invest 1- 


i  ^ 


the  description  given  above  (see  pages  211  ard  213}  and  the  data  of 
Tables  51  and  52. 

According  to  th/e  authors,  dlopside  Is  an  intermediate  product  In 
all  of  the  anorthlte- synthesis  reactions  that  they  studied,  Inoiladlng 
the  synthesis  of  Ca6*Al20^ *28102  In  a  mixture  of  kaolin  with  CaC^^. 
^Dlopside  Itself  forms  from  the  hlgh-temperatvire  compounds  CaO*Al20^ 
and  Ca0*S102*  and  not  by  reaction  of  12CaO*7Al202  with  8102  as  had 
been  suggested  earlier.  These  data  have  thus  made  it  possible  to  re> 
fine  our  conceptions  considerably  in  regard  to  the  sequence  of  reac¬ 
tions  in  the  synthesis  of  diopslde  and  anorthlte. 


TABLE  53 

Parameters  of  Crystal  Lattices  of  Diopslde  ano 
CaNl(8102)2 


1«— — 

• 

V 

• 

# 

CaMKSlOkb 

».71 

8.M 

5.34 

74*  W 

CaNKSlQJk 

9,V 

S.tt 

5.25 

74«'  W 

1)  Compound. 


Reference  [294]  also  indicates  considerable  intensification  of 
these  reactions  in  the  presence  of  the  "mineralizers"  cryolite,  flu¬ 
orite  and  apatite. 

Two  ternary  co]iQ>ounds  are  known  in  the  BaO-AlgO^-SiOg  system: 
BaO'AlgO^ *28102  (celslan),  the  synthesis  of  which  was  studied  as  long 
ago  as  1915  l>y  Oinzberg,  and  an  aluminosilicate  of  the  composition 
3BaO*3Al20^ *28102,  which  was  first  dlscovez*ed  and  studied  in  1954  by 
Toropov,  Galakhov  and  Bondar*. 

The  above  studies  are  l]jQ>ortant  for  several  branches  of  chemical 

engineering. 

Recently,  G'yesslng  [639]  obtained  the  nickel  analog  CaNl(8102)2 
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Of  dloj^ldo  by  robobion  in  •  M3li4  alxturo.  Study  of  this  ocnyound  liw 
dicated  that  It  la  quit#  analoftoua  to  diopslde  aa  regarda  typo  >f 
eryatal  lattice,  while  ,  the  peraaetera  are  very  cloae  to  thoae  of .'bhe  .•> 
latter  eoaqpound  (Table  53)  •  -  ^ 

Aaong  the  more  cooplex  reaetiona  in  eryatalline  mixturea  belonging 
to  the  silicate  ayatena,  the  following  are  worthy  of  note:  Teger  |640] 
proposed  that  beryllium  oxide  be  produced  from  beryl  by  the  reaetiona 

4- K:aO-»<CaSi(\ + CaAlA + 3BcQk 
Be.A^Si,0^  +  l3CaO>»6Ca^«  +  CaAVO« + SBca 

These  reaetiona,  which  take  place  with  noticeable  speed  at 
temperatures  above  500^,  are  of  great  Inportance  for  the  production 
of  beryllium  oxide  -  a  valuable  product  used  In  the  production  of  re¬ 
fractory  and  electrical- insulation  materials. 

Tsynkina  [64l]  showed  that  alrcon  ZrSiOj^  reacts  with  magneslua 
oxide  and  calcium  oxide.  With  a  sufficient  content  of  magnesium  oxide 
in  the  mixture,  the  reaction  corresponds  to  the  scheme 

<MgafSZM,-*>3M|ySlO«  +  Mc^A> 

According  to  Tsynkina,  the  bonding  of  magnesium  oxide  is  charac¬ 
terized  by  Pig,  90  as  a  function  of  the  maximum  roasting  temperature 
at  which  the  reaction  took  place  within  2  hours. 

With  a  small  content  of  magnesium  oxide  In  the  mixture,  the  reac¬ 
tion  proceeds  In  accordance  with  the  scheam 

2MgO + ZirSlO«-»  ZKV 

Zircon  also  reacts  with  alumina  [642]: 

ZZrSiO, -i3AlA-*9AlA*2SlO!i  2ZrO^ 

Both  of  these  reaction  types  are  highly  Isqportant  for  the  produc¬ 
tion  of  .refractory  materials. . 


The 

example. 


similar  reactions  of  ZrSiO^  with  soda  aixl  lime  (see,  for 
[643]). are  used  to  produce  zircmtium  dioxide,  which  is  used 
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in  the  production  of  x^efractory  materials  and  as  a  substitute  for 
caaalterlte  (SnOg)  for  deadening  of  enamels  [644]. 

Tammann  [645]  studied  the  reactions  between  MgO,  CaO  and  Bab  atul 
aluminosilicates.  Here,  he  arrived  at  the  conclusion  that  magnesium 
oxide  does  not  react  with  orthoclase,  leuclte,  nephellne  or  hornblende 
at  temperatures  below  1000°,  while  CaO  reacts  with  them  at  about  500° 
and  BaO  at  275^<  At  1000°,  calcium  oxide  reacts  noticeably  with 
willemlte  (Zn^SlOj^).  Barium  oxide  reacts  with  the  silicates  less  In¬ 
tensively  than  CaO. 

The  data  given  here  concerning  the  reaction  temperatures  of  the 
substances  were  obtained  by  the  heating-curve  method  described  above 
and  should  be  verified  by  means  of  modern  methods  for  preparation  of 
pure  substances  and  investigation  of  reactions  between  them. 

Berezhnoy  [293,  397]  showed  that  on  heating  In  an  oxidizing 
medium,  mixtures  of  olivine  with  magnesium  oxide  and  of  forsterlte 
with  ferric  oxide  or  chromic  oxide  undergo  the  following  reactions: 

(Mg.  Fe),Sl04  +  MgO  +  0,-*Mg,SlO,  +  MgFeA- 
Mi^iO,  +  Fe,0,-r*-  MgSlC\  +  Mf^e^,. 

Mg,SiO,  "F  ♦  MgSiO,  MgCr|0,.  . 

The  progress  of  the  second  of  these  reactions  was  also  confirmed 
by  other  Investigators. 

Berezhnoy  [397]  also  showed  that  blcalclum  ferrite  reacts  with 
forsterlte  and  monticellite,  forming  bicalcium  silicate  and  magnesio- 
ferrlte. 

Budnikov  et  al.  [646-648]  investigated  reactions  In  mixtures  of 
kaolin  or  clay  with  carbon  (petroleum  coke) .  The  authors  proceeded 
from  the  reaction  In  which  roulllte  and  carborundum  form  at  tempera¬ 
tures  from  1700-1800°: 

3(  AIA-2SIP,J  +  12C — 3Al,0,.2Si0,+4SlC  +  SCO 
and  the  formation  of  corundum  and  carborundum  at  temperatures  from 
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^  Bnd  conindu^Mrborundum  refrac¬ 

tory  materials  were  obtained  as  a  result  of  studies  [64^648] . 

'  W  not«  of  course,  exhaust  the  Informatim  that^haa 

been  published  in  the  literature  concerning  the  reactions  of  foriMtlon 
and  decomposition  of  silicates  in  crystalline  mixtures. 

The  material  given  here  may  be  supplemented  at  the  present  tliae 
and  will  undoubtedly  be  the  center  of  significant  development  In  the 
next  few  years  by  the  results  of  the  numerous  research  studies  being 

devoted  to  these  reactions. 
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Quite  recently,  Sazhln  and  Pepelyayeva  [443]  developed  a 
method  of  obtaining  pure  zirconium  dioxide  containing  less 
than  0.01^  Hf02,  based  on  fractional  recrystallization  of 


potassium  fluorozirconate  from  the  system  I^ZrPg  l^HfPg  ■¥ 


N.  J.  Udy,  Chronlum,  Vol.  I  and  II,  London,  1998. 


H.I.  Kbchnev,  P.V.  Qel'd,  O.A.  Yesln,  and  N.N.  Serebrennl- 
kov,  TTudy  Ural'sk.  polltekhn.  In-ta  [Transactions  of  the 
Urals  Polytechnic  Institute],  49,  I63  (1954). 


In  certain  cases,  Immisclblllty  or  limited  solubility  has 
been  observed  In  spinel  mixtures  [471];  this  may  possibly 
be  explained  by  the  low  temperature  at  which  reaction  occurs. 


Ihe  most  recent  circumstantial  Investigation  of  the  proces¬ 
ses  by  which  they  are  formed  In  the  temperature  range  8OO- 
1700°  was  made  In  Reference  [5151*  . 

BaAlgO^  can  be  used  as  a  binder  for  heat-resistant  concrete 

(P.P.  Budnikov,  V.O.  Savel'yev,  TTudy  MkhTI  im.  D.I.  Mendel¬ 
eyeva  [n?ansaetlon8  of  the  Moscow  Institute  of  Chemioal 
Technology  Imenl  D.I.  Mendeleyev],  NO.  27,  272,  Oosatroylz- 
dat  [State  Publishing  House  for  Literature  on  Construction], 
Moscow,  1959* 


For  example,  see  V,  TTzeblatowskl  et  al. ,  Experlamntla 
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[Experlnehtel  Science],  6,  138  (1950);  Roczi^kl  Choa. 

of  ChoBlatryl,  28,  I,  l.N. 

ZhPKh  [Jotirnal  of  Applied  Chemistry],  26,  648  (1953). 


A.  Cocco,  Rend.  Semin.  Fac.  Scl.  Ihilv.  Cagliari  [Reports 
of  the  Seminar  of  the  Faculty  of  Sciences  of  the  University 
of  Cagliari],  25,  No. 3,  l6^  (1955)- 
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Chapter  10 

CERTAIN  FIELDS  OP  TECHNICAL  APPLICATION  OP 
REACTIONS  IN  CRYSTALLINE  MIXTURES 


§1.  CERAMICS  AND  REFRACTORIES 


The  technology  of  ceramic  articles  einploys  reactions  In  crystal- 
line  mlxturea  and  the  science  that  treats  them  in  all  of  Its  branches: 
In  the  production  of  articles  for  gross  structural  ceramics,  refrac¬ 
tory  materials',  porcelain  and  faience,  pigments,  special  electrical- 
engineering  and  other  materials. 

In  the  production  of  refractories  and  In  the  chemistry  and  tech¬ 
nology  of  silicates,  the  i>olymorphlc  transformations  of  silica  had 
hitherto  been  regarded  as  the  simplest  of  solid-phase  processes.  Ae- 
ttially,  however,  these  transformations,  which  represent  an  iBV)ortant 
fact(»r  In  the  manufacture  of,  for  example,  Dinas,  are  quite  complex. 

It  has  been  established  by  research  studies  that  the  rate  at  which 
quarts  Is  converted  Into  trldymite  and  the  extent  of  this  transition, 
which  determines  the  quality  of  Dinas  articles  and  their  behavior  under 
operational  conditions,  depend  on  the  grain  size  of  the  Initial  quartz, 
the  quantity,  stinicture  and  properties  of  the  melt  due  to  the  presence 
of  Impurities  In  the  quartz  or  a  mineralizer  In  the  original  mixture, 
and  on  the  tenperature  of  the  process  and  certain  other  factors  ($1, 
Chapter  9) •  The  dependence  of  the  process  rate  and  the  extent  of  trl- 
dysiltlzatlon  of  the  quartz  on  the  size  of  Its  grains,  for  example.  Is 
relatlwely  cosvlex  In  nature  (page  389). 

The  accelerating  effects  of  ferrous  and  ferric  oxides  and  calcium 
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oxide  on  the  trldymltizetlon  of  quartz  Is  a  Icnown  factor.  ThlS'  affM# 
is  related  to  a  considerable  degree  with  the  chemical  reactions  that 
take  place  In  the  presence  of  these  oxides.  For  example,  ferrous  oxide 
(which  Is  produced,,  by  reduction  roasting  of  the  Initial  stsss)  roacts  . 


j 


with  silica  and  llaie  to  form  relatively  low.meltlng  ferroslllcates.  V- 

‘  •  i 

The  appearance  of 'eutectic  melta  of  a  definite  structure  creates  cav  | 
dltlons  here  that  favor  reconstruction  of  the  silica  lattice. 

With  calcium  oxide  hydrate  or  calcium  carbonate  present  In  the  ■ 
most  Insignificant  quantities  In  the  Initial  material  (in  practice, 
there  Is  usually  l-3)(  of  CaO  in  the  production  of  refractory  materials). 
It  Is  necessary  to  reckon  with  the  reactions  that  form  calcium  8lll> 
cates  ($4  of  Chapter  9) • 

If  the  initial  mass  also  contains  a  certain  quantity  of  oxide  lai> 
purities  of  alxjunlnum.  Iron,  titanium  and  other  elements,  the  aluBd.nates, 
aluminoferrltes,  aluminosilicates  and  titanates  of  calcliun  and  similar 
compounds  will  accordingly  appear  when  It  Is  heated.  Thus  eutectics 
and  subsequently  melts  of  these  eutectics,  which  promote  transition 
of  quartz  to  trldymlte,  are  prepared.  The  esqploltatlon  of  these  effects 
In  the. production  of  Dinas  and  other  pz*oducts  opens  ways  to  deliberate 
regulation  of  their  properties. 

The  process  of  mullite  formation  In  roasting  of  kaolins  and  clays, 
which  are  the  basic  constituents  of  many  ceramic  masses,  is  of  great 
Importance  for  ceramic  production. 

As  a  result  of  the  research  done  by  Budnikov  et  al.  [2^], 

Iskyul',  Krauze  and  other  authors  have  recently  formulated  conceptions 
as  to  the  mechanism  of  this  process  and  made  available  Information  con* 
cemlng  Its  nature  and  Intensity  as  a  function  of  the  nature  of  the 
starting  raw  material,  tei(>erature  and  certain  other  condltlonm  (page 
474) .  The  behavior  of  mullite  at  high  tesp^ratures  Is  of  considerable 
Interest  for  the  technology  of  refractory  mateMals:  the  properties 
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of*  hlgh>alunlna  and  other  refractory  materials  are  determined  to  a 
major  degree  by  their  mulllte  contents  and  the  stability  of  the  nullite 
on  heating.  Consequently,  the  processes  of  dissociation  and  the  fusion 
and  crystallization  processes  of  mullite,  and  particularly  the  problem 
as  to  the  manner  in  which  it  melts  (incongruent  or  congruent  fusion), 
which  were  studied  in  the  papers  of  Toropov  and  Galakhov  [619]  and 
other  authors,  are  of  great  practical  Importance. 

Magnesium  silicates  form  the  most  ln\portant  constituent  of  cer¬ 
tain  ceramic  products.  These  products  Include,  for  example,  forsterite 
refractory  materials,  which  consist  for  the  most  part  of  magnesium 
O]?th0slllcate.  The  raw  mass  here  contains  olivine  MgO’FeO’SlOg  (or 
serpentine  3MgO* 28102 *2H20)  and  magnesite. 

The  content  by  weight  of  olivine  (or  serpentine)  and  magnesite 
is  regulated  in  such  a  way  that  these  materials  will  be  converted  as 
completely  as  possible  during  firing  into  magnesium  orthosilicate 
(forsterite)  and  magnesium  ferrite  by  the  reactions 

2(MgOFeO.SlP,)  +  3MgCQ,  +  -J-Ob- 

-2(2MgO.SlO,)+  MgFeA  +  C0w 
3Mg0.2Si0, -211,0  +  MgCO,  2  (2MgO-  SiO,)  +  CO,  +  2H,0, 

During  firing,  fayallte  2Pe0’S102»  which  Is  present  In  olivine 
(and  serpentine),  may  combine  with  forsterite  to  form  a  solid  solution 
that  is  detrimental  to  the  quality  of  the  forsterite  brick.  By  using 
the  foxmiation  reaction  of  magnesium  ferrite,  however,  we  may  prevent 
the  emergence  of  this  solution.  For  this  purpose,  magnesite  is  intro¬ 
duced  into  the  raw-material  mass  in  a  quantity  sufficient  to  ensure 
not  only  the  formation  of  forsterite,  but  also  conversion  of  all  the 
iron  present  in  it  into  magnesium  ferrite. 

Silica  is  present  in  the  raw  mixtures  for  certain  technically  im¬ 
portant  refractory  materials  in  quantities  considerably  smaller  by 
conparison  to  the  oxides  of  other  metals.  When  such  mixtures  are  fired. 


the  metalllo  oxides  react  with  one  another  to  form  splnelldes  of  the 
eoii\po3ltlon  MeO’R^O^  or  2Me0*R02*  Ceramic  technology  also  makes  ex¬ 
tensive  use  of  the  reactions  of  the  splnelldes  themselves  with  crys¬ 
talline  oxides  at  high  temperatures,  which  are  accompanied  by  the  for¬ 
mation  of  new  compounds.  To  produce,  for  example,  a  chromite  firebrick 
the  raw  material  selected  Is  chromliom  ironstone,  the  basic  substance 
In  which  Is  ferrochromlte  PeCrgO^^.  Together  with  ferrous  oxide  and 
chromic  oxide,  the  ore  usually  also  contains  considerable  quantities 
of  magnesium  oxide  and  aluminum  oxide  and  approximately  3-6$^  of  slll- 
ccxi  dioxide.  As  a  result  of  reactions  with  participation  of  MgO  and 
AlgO^  (pages  409-^18),  fired  chromite  brick  also  contains.  In  addition 
to  ferrochromlte,  magneslochromlte  and  alxunlnate  spinel. 

Despite  the  relatively  small  content  of  It  In  the  Initial  raw 
material,  the  silicon  dioxide  may,  in  this  case,  be  an  essential  fac¬ 
tor  In  the  firing  process.  It  reacts  with  ferrous  oxide  to  form  the 
ferrosllicate  2Fe0*S102  (page  471),  which  serves  as  a  cement  for  the 
chromite  and  spinel  grains.  A  deficiency  of  SIO2  results  In  a  loss  of 
refractoiry  property  and  thermal  stability  in  the  chromite  brick.  For¬ 
mation  of  the  ferrosllicate  in  excessive  quantities  Is  naturally  also 
undesirable.  This  may  be  avoided  by  binding  the  silicon  dioxide  with 
magnesium  dioxide  In  forsterite  by  the  inactions  described  earlier 
(see  Chapter  9). 

Thus,  taking  advantage  of  the  known  reactions  In  the  system  per¬ 
taining  to  the  process  under  consideration  enables  us  to  regulate  the 
composition  and  properties  of  chromite  firebrick. 

The  approach  to  the  production  of  chronomagneslte  and  other  re¬ 
fractory  materials  Is  similar. 

Above  we  gave  a  brief  description  of  the  part-  taken  by  reducing 
and  oxidizing  media  In  Individual  reactions  In  ci^atalllne  mixtures. 
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It  will  be  appropriate  here  to  touch  upon  the  effect  of  water  vapor  <m 
certain  technological  proceeeea.  It  has  been  established  that  jwiiter  • 
vapor  Is  capable  not  only  of  accelerating  many  such  processes*:  i>ut 
also  In  certain  cases  of  exerting  an  essential  Influence  on'^l^  cosg>o- 
sltlon  and  properties  of  the  products  obteilped.  For  example.  In  the  / 
simultaneous  presence  of  water  In  the  firing  atmospheK  and  reducing 
carbon  In  the  raw- material  mass,  gaseous  carbon  monoxide  and  hydrogen 
form  (by  the  reaction  C  -i-  Hg  ^  CO  -t-  Hg)*  and  then  take  an  active  part 
In  the  chemical  px*ocesses  related  to  conversion  of  the  mass  Into  the 
product . 

This  principle  Is  employed,  for  exang>le.  In  production  of  the  so- 
called  "Indigo"  brick. 

Reactions  In  crystalline  mixtures  have  an  important  role  in  the 
production  of  lime  pottery. 

According  to  Hike  and  Pol'ker  [649),  the  process  In  which  the 
raw  materials  (consisting  basically  of  kaolin,  clay,  quartz  and 
calcium  carbonate)  ax^  fired  in  the  production  of  faience  at  a  test- 
perature  of  900^  Is  accompanied  by  formation  of  calcium  aluminosili¬ 
cate,  which  Is  readily  soluble  in  acids,  with  only  of  the  CaO 
remaining  unreacted.  After  firing  at  a  temperature  of  ICXX)^,  only 
traces  of  unreacted  CaO  can  be  detected;  at  1100^  and  above,  the  molar 
composition  of  the  acid-soluble  part  of  the  lime  pottei*y  correspoiids 
to  the  synthesis  of  anorthite  CaO 'Al^O^ *28102,  which  is  obviously 
formed  on .reaction  of  decomposition  products  of  kaolinite  and  other 
minerals  with  calcium  oxide.. 

High- ref rectory- oxide  products  constitute  an  lng>ortant  group  of 
ceramic  materials  that  are  manufactured  In  part  with  the  aid  of  crys¬ 
talline-mixture  reactions.  These  articles  consist  either  of  a  single 
oxide,  such  as  AlgO^,  MgO,  ZrOg*  Th02  (here,  the  processes  that  take 
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place  on  Tiring  are  restricted  basically  to  sintering,  recrystalll:pa- 
tion,  and  polymorphic  transfoinnations) ,  or  of  a  combination  of  two  or  ; 
three  oxides  (here,  it  is  naturally  possible  for  chemical  reactions  to- 
take  place  and  for  solid  solutions  to  form).  In  the  latter  case,  the 
reactions  in  which  high- refractory  spinels  such  as  MgAlgO^,  MgCrgOji,  ;  . 
PeCrgOi^  and  the  like  are  formed  acquire  special  importance.  Recently, 
metals  have  sometimes  also  been  added  to  the  initial -masses  in  the  pro¬ 
duction  of  these  articles  to  improve  their  thermal  conductivity.  The 
firing  conditions  (temperature,  etc.)  are  adjusted  in  such  a. way  as  to 
produce  a  dense,  gas -impermeable  product. 

During  the  last  few  years,  the  processes  in  which  such  articles 
are  manufactured  have  been  described  in  detail  in  the  literature  [413]. 

Extensive  use  is  made  of  reactions  in  crystalline  mixtures  in  the 
manufacturing  processes  of  insulating  and  other  materials  of  high-fre¬ 
quency  engineering.  Here  it  is  necessary  to  deal  with  reactions  between 
MgO  and  SiOg*  AlgO^  and  SiOg  and  many  others. 

The  ceramics  of  electrical  engineering  Incorporates  three  impor¬ 
tant  materials  categories:  insulating,  semiconductor  and  magnetic. 

All  of  these  possess  the  same  type  of  chemical  bond  —  that  of  the  ionic 
crystal-lattice  structure. 

The  first  category  inclvides: 

a)  ceramics  for  installation  hardware  and  low-capacitance  con¬ 
densers  (steatite,  ultraporcelain,  radioporcelain,  celslan  ceramics, 
and  corundum-mulllte  materials) ; 

b)  ceramics  for  high-frequency  and  low-frequency  capacitors  (ru¬ 

tile,  perovskite,  titanium-zirconium,  stannate,  strontium-bismuth  ti- 
tanate) j  '  ^  ^ 

c)  ferroelectric  and  piezoelectric  ceramics  for  low-frequency 
capacitors,  piezoelectric  and  nonlinear  elements  (solid  solutions  of 
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tltanates,  zlreonates,  stannates). 

category  la  composed  of  ceranles  for  seiniconduetor8»  ^ 
hlgh-power  radio-fx^quency  resistors,  high- temperature  heater  units, 
hphlinear  elements  and  thermistors  manufactured  on  the  basis  of  eopperw 
and  cobalt-manganese  Inverse  spinels  and  certain  other  coiiv>ounds.  ^ 

The  third  category  embraces  magnetically  soft  and  magnetically 
hard  ceramics  (nickel-zinc,  manganese-zinc,  magnesium,  barium  and 
other  ferrites) .  The  most  coiig>lete  description  of  nonmetalllc  ferro¬ 
magnetic  materials  and  ferroelec tries  was  given  by  Smolenskiy.* 


A  classification  of  the  crystalline  phases  of  electrical-engineer¬ 
ing  ceramics  according  to  Bogoroditskiy  and  Fridberg  [630,  651]  is  rep¬ 
resented  In  Table  3^. 

Other  Important  crystalline  phases  in  high-frequency  ceramics  are 
quartz,  celsian  (Ba0*Al20^*2Si02),  perovskite  (CaTiOp,  zirconium 
titanate  (ZrTlOj^),  calcium  stannate  (CaSnO^)  and  calcium  zirconate 
(CaZrO^) . 

All  of  these  compounds  and  others  named  above  belong  to  the 
BaO-Al202-S102,  Mg0-Al202-S102,  Ca0-Al202-S102,  ZrO2-Al2O2-S102,  BaO- 
Zr02-T102,  Mg0-Zr02-Ti02,  Ca0-Zr02-T102,  Sr0-Bl202-T102,  Ca0-Sn02- 
T102»  Ca0-Sr0-Ba0-T102  and  Ca0-Sr0-Ba0-T102  systems. 

The  properties  of  ceramic  materials  manufactured  on  the  basis  of 
these  compounds  that  az^  of  greatest  importance  for  radio  engineering 
are  their  dielectric  strength,  dielectric  losses,  mechanical  and 
sparkover  strengths,  coefficient  of  thermal  expansion.  Curie  point, 
modulus  of  piezoelectric  effect  and  certain  others.  Knowing  these 
properties  as  functions  of  the  composition  and  structure  of  the  initial 
materials  and  the  processing  conditions  applied  to  them  (pressing; 
firing,  and  so  forth),  we  any  produce  ceramic  products  of  the  required 
quality. 


’V  •  *  ■  '  '  *  -  .  *  '  , 

For  example^  In  producing  one  of  the  most  linportant  materials  of 
high* frequency  technique  —  steatite  —  from  talc,  a  natural  hydrated 
magnesium  silicate  of  the  composition  3Mg0*4si02*H20,  we  regulate  the 
I  electrical  properties  of  the  product  (and  Its  dlelectrlc-loss  factor 
In  particular)  through  the  composition  of  the  initial  mixture.  On 
firing,  the  talc  Is  first  converted  into  protoenstatlte  and  then  Into 
cllnoenstatlte.  Crlstobalite  forms  from  the  excess  silica.  To  bind  It, 
barium  carbonate  [2151,  which  reacts  with  SIO2  at  temperatures  as  low 
as  600-700^  [612],  Is  added  to  certain  steatites. 

The  recipe  for  a  steatite  ceramic  and  the  process  conditions  are 
selected  such  as  to  exclude  the  possibility  of  polymorphic  transforma¬ 
tions  of  the  basic  crystalline  phase  of  the  product,  magnesium  sili¬ 
cate,  under  operational  conditions  and  during  storage  of  the  articles. 
Zirconium  dioxide  Is  Introduced  Into  certain  steatites  as  a  mineralizer 
to  promote  for-natlon  of  fine-crystalline  material  and,  accordingly, 
contribute  to  increased  mechanical  strength  [651I.  A  steatite  (grade 
S-55)  whose  reilpe  Includes  a  cllnoenstatlte  sinter  prepared  from  talc 
and  magnesite  1  1  proportions  calculated  to  bind  all  of  the  silica 
liberated  In  tht  decomposition  process  of  the  talc  when  it  is  heated 
possesses  partl<ularly  high  mechanical  strength.  The  raw-material 
mass  for  this  s  eatlte  also  contains  raw  talc  corresponding  to  the 
quantity  of  ma<;'ieslte,  a  small  quantity  of  clay  and  zinc  oxide  as  a 
mineralizer. 

To  produc?  electrical- engineering  products  with  extremely  low 
coefficients  o'  thermal  expansion  and  high  thermal- shock  resistance, 
talc  and  kaollr  or  clay,  and  sometimes  certain  other  materials,  are 
Introduced  Into  the  raw-material  mixture  In  such  weight  proportions 
that  coi^llerlte  ‘.'MgO'2Al202 *58102  will  be  formed  during  firing  as  a 
result  of  chemlcil  reactions  In  the  mixture  (see  page  478). 
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Ceramic  capacitors  based  on  titanium  dioxide  are  being  used  suc¬ 
cessfully  in  conte8q;>orax*y  high-frequency  engineering.  The  initial  com-, 
pounds  used  in  the  production  of  such  capacitors  also  contain  oxides  ;t 
of  other  metals  for  the  purpose  of  forming  tltanat^s’ during. the  fir- 
ing  process;  the  properties  of  the  condenser  ceramic  —  its  dlelec^ic'  - 
constants,  dielectric  loss  factor  and  others  -  are  regulated  by  May¬ 
ing  the  proportions  between  these  oxides. 

Magnesium  orthotltanate  and  barium  metatitanate  are  important 
tltanates  for  high-frequency  technique.  However,  oxides  of  other  sietals 
are  also  used  together  with  the  magnesium  and  barium  oxides  or  carbon- 
ates  to  produce  the  condenser  raw  materials.  V,  ‘ 

Nattu:*ally,  information  on  the  sequence  of  the  thermal  and  volume 
effects  in  titanate-synthesis  reactions  that  has  been  obtained  by  re¬ 
searchers  [362]  and  others)  is  of  essential  interest  in  selecting 
efficient  systems  for  synthesis  of  these  compounds  xmder  industrial 
conditions. 

¥e  discussed  above  the  processes  in  which  spinel ides  are.  produced 
in  the  manufacture  of  refractory  materials.  These  compounds  and  their 
formation  reactions  are  also  inportant  in  the  manufacture  of  high-fre¬ 
quency  ceramics.  In  this  case,  the  spinels  have  a  dual  Importance:  as 
materials  with  high  resistivity  and  as  nonmetalllc  ferromagnetics. 

The  formation  of  ferrites,  which  are  ferromagnetic  materials 

possessing  very  low  conductivities,  has  acquired  particular  iBg>ortance 

in  coniv^ctlon  with  the  development  of  high-  and  ultrahigh-frequ«acy 

technique.  These  compounds,  which  have  the  general  formula  Me  Fe^O 

X  y  s 

(where  Me  is  a  uni-,  dl-  or  tri valent  metal),  and  metaferrites  of  the 
2+ 

coiig>osltion  Me  in  particular,  which  are  used  widely  in  radar, 

electroacoustics,  contemporary  coiqputer. technique,  etc.,  are  also  pro¬ 
duced  by  reactions  in  mixtures  of  crystalline  reagents  (oxides). 
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It  l8  essential  to  note  that  there  are  considerable  dirfereneea 
between  the  properties  of  different  splnelldes.  Thus,  the  resis.tivitiy 
of  the  "Inverse  spinel"  Pe^O^^  Is  several  hundred  ohins'~^  csT^,  wh^e 
that  of  ndrml  alustlnusi-iiagnesluai  spinel  Is  lOT  [superscript  lll^plble] 
ohsui  cm  .  Zinc  and  cadmium  ferrites,  which  have  the  8t]^ture>w<^  - 
normal  spinel,  possess  paramagnetic  properties,  while  certain  other 
ferrites  (of  the  "Inverse "-spinel  type)  show  ferromagnetic  properties. 
Only  by  calculating  the  coiqposltlon  of  the  raw-material  masses  care- 
^^^lly  and  by  specifying  the  firing  conditions  for  them  strictly  In 
order  to  produce  specific  compounds  and  solid  solutions  will  It  be 
possible  to  regulate  the  properties  of  the  ceramic  products  with  an 
I  ^  accuracy  sufficient  for  high-frequency  technique.  Reactions  In  mlx- 

i  tures  of  crystalline  oxides  have  been  used  for  many  centuries  to  pro- 

I  duce  ceramic  pigments.  Like  other  fields  of  application  of  the  so- 

I  called  solid-phase  reactions,  this  field  has  for  centuries  been  In  the 

province  of  the  arts,  but  not  of  science.  Only  comparatively  recently 
were  systematic  Investigations  undertaken  Into  the  relationship  between 
the  crystal  structure  and  properties  of  the  pigments,  together  with 
penetrating  study  of  the  various  processes  in  which  they  az^  produced. 

i 

r  The  manufacture  of  ceramic  pigments  Is  based  on  the  formation  of 

^  % 

silicates,  aluminates,  aluminosilicates  and  similar  compounds,  as  well 
as  various  solid  solutions  and  mixtures  between  them,  to  which  various 
colors  are  Imparted.  Various  oxides  are  generally  added  to  white  and 
colorless  masses  as  coloring  agents.  For  example,  ferric  oxide  is  used 
I  to  produce  yellow,  red  and  brown  colors,  brown  colors  are  also  pro¬ 

duced  by  manganese  oxide,  blue  by  cobalt  oxide,  green  by  chromic 
oxide,  etc.  (compoxinds  of  antimony,  nickel,  copper,  uranium  and  other 
^  metals  are  also  used  to  color  enamels).* 

It  Is  Tmr  Tram  always  an  easy  task  to  produce  stable  pigments 
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that  do  not  change  color  mi  eapoaure  to  high  teiqperature,  nolsture, 
airy  carbon  dioxide^  and  so  forth.  It  Is  known  that  firing  certain, 
substances  in  media  of  various  cosvpositions  resultsf.ln  the  formati<m 


of  products  having  various  corresponding  colors.  In^particular^;  addl- 


tion  of  red  clay  with  a  high  ferric- oxide  content ‘^(or  sisqpl^-addition 
of  ferric  oxide)  to  a  white  or  yellow  clay  to  color  it  red  frequently 
does  not  lead  to  the  desired  results:  even  with  low  firing  tesperatures, 
the  mass  turns  gray  or  violet.  In  these  cases,  only  the  solid  solution 
of  ferric  oxide  in  aluminum  oxide  retains  its  red  coloration  even  in 
high- temperature  firing  (the  circumstance  taken  advantage  of  in  prac¬ 
tice). 

It  would  be  possible  to  cite  many  examples  in  which  cerasdc  plg- 
sients  are  produced  by  reaction  in  mixtures  of  cz^stalline  reagents. 

Even  in  his  work  of  1912-I913  Khedval  succeeded  in  synthesizing 
Rinmann's  green  CoZnOg  from  white  zinc  oxide  and  black  cobalt  oxide 
and  "matte  blue,"  cobalt  aluminate*  from  the  white  AlgO^  and  black  CoO. 

At  the  present  time,  cobalt  ultramarine  is  produced  by  precisely 
the  same  formation  of  aiuminates  —  CoAl20^,  CoAl^O^,  CoAlgO^Q  and 
others.  It  is  true  that  in  practice,  we  deal  in  this  case  not  with  a 
reaction  between  two  or  three  pure  oxides,  but  with  complex  system 
in  which  SIO2*  AlgO^  and  other  oxides  are  chemically  bound,  e.g.,  in 
the  form  of  kaolin,  feldspar,  and  so  forth. 

The  violet  lower  silicate  of  cobalt  is  produced  by  the  reaction 

2CoO+SlC^— CoySlO!,. 

The  metasilicate  CoSiO^  and  the  polysilicates  CoSlgO^,  CoSi^O,^ 
of  cobalt  and  other  substances  are  produced  in  a  similar  manner. 

Such  are  the  nature  and  significance  of  reactions  in  mixtures  of 
crystalline  solids  in  ceregmlcs  tecfanolr^. 


These  reactions  lie  at  the  foundation  of  modem  methods  for  pro- 


duolng  ceramic  products  and  refractory  materials  for  the  construction 
;  of  the  moat  important  apparatus  and  equipment  of  the  metallurgical, 

/  ’  stmctural,  chemical** engineering,  electrical- engineering  and  radio- 

industries-  These  reactions  serve  as  a  means  for  producing 
porcelain,  faience^' ceramic  pigments  and  many  other  ceramic  materials : 
as  products  used  in  almost  all  branches  of  the  national  economy* 

$2.  CEMENTS 

The  chemistry  and  technology  of  cements  make  up  one  of  the  most 
important  trends  in  the  technical  application  of  solid-state  reactions. 
Various  types  of  cementing  materials,  which  form  mortars  and  cements 
with  various  technical  properties  on  reaction  with  water  are  produced 
on  large  Industrial  scales  on  the  basis  of  these  reactions. 

As  regards  their  phase  composition,  cements  are  various  combina¬ 
tions,  chiefly  of  basic  silicates,  alumlnates  and  aluminoferrites  of 
calcium  that  are  formed  as  a  result  of  decomposition  and  reaction  of 

I  the  components  of  the  corresponding  raw  materials  at  high  temperatures. 

f  Depending  on  the  function  of  the  cement  clinker,  the  raw-material  mix- 

I 

i  tures  may  include,  in  various  proportions,  limestone  rock,  marls, 

t  argillaceous  rock,  furnace  slag,  bauxite  and  other  materials. 

'  The  chief  minerals  in  Portland  cement  clinker  are  SCaO'SiOg, 

2Ca0*Si02»  SCaO’AlgO^  and  ^CaO’AlgOj’PegO^;  here,  according  to  Okorokov 
[632],  the  sum  of  the  first  two  components  normally  represents  from 
73  to  80jt  of  the  gross  phase  composition  of  the  clinker.  Together  with 
these  minerals,  the  composition  of  Portland  cement  may  include  8ca0* 
•SAlgO^'FegO^,  2Ca0*Pe202,  3Ca0*3Al20^  and,  in  minor  quantities,  ceav 
tain  other  compounds. 

The  basic  components  of  aluminous  ceiaent  are  the  alumlnates 
I  3CaO*AlgO^,  CaO’AlgO^  and  Ca0*2Al202.  In  addition,  an  aluminous  cement 

may  contain  helenite,  2Ca0*Alg02*2Si02,  akermanite  2Ca0*Mg0*2Si02,  as 
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well  as  dicalciuin  silicate*  calcium  ferrites*  magnesium  spinel  and 
certain  other.. substances*  both  In  "pure  form"  and  In  the  •^l^ona  of  solid 
solutions*  ■ 

The  chemical  and  physicochemical  reactions  that  lead  to  thb  forma¬ 
tion  of  the  various  cementing  substances  belong  primarily  wlthlii  the  ■  ' 
CaO-AlgOj-PegO^-SlOg,  CaO-MgO-SiOg*  MgO-AlgO^-SlOg.  RgO-CaO-AlgOg, 
RgO-CaO-SlOg*  RgO-CaO-AlgO^-PegOj  systems*  followed  by  systems  con¬ 
taining  CaPg,  P2O5*  TlOg,  SOj,  CrgO^  and  certain  other  conpotinds  (here,’ 
no  less  than  90-95^  of  the  cement- cl  Inker  conqposition  Is  formed  by 
compounds  and  solid  solutions  of  the  first  system  in  the  majority  of 
cases) . 

This  makes  clear  the  importance  of  study  of  reactions  In  these 
systems  for  the  technology  of  bonding  substances. 

The  chemistry  of  cements  and,  in  particular,  the  processes  In 
which  the  cement-clinker  minerals  form  have  been  studied  In  detail  in 
the  monographs  of  Bog  (6531*  Kyul'  [654],  LI  [655],  Toropov  [316] 
and  Yung  [656].  The  formation  reactions  of  the  silicates,  ferrites  and 
alumlnates  of  alkali  and  alkaline- earth  metals  were  described  above  In 
Chapter  9,  Here,  therefore,  we  may  limit  ourselves  simply  to  a  general 
characterization  of  the  conditions  and  processes  of  cement-clinker 
mineral  formation  and  a  description  of  the  results  obtained  In  certain 
more  recent  studies  pertaining  to  It. 

Under  practical  cement-production  conditions,  the  Initial  mlxtvire 
is  gradually  heated  In  an  annealing  furnace  from  room  teiqperature  to 
~1450^.  At  about  1280^  (or  sometimes  a  lower  teiig>erature,  depending 
or  mixture  composition),  a  liquid  phase  appears  in  the  reaction  mix¬ 
ture.  Passing  through  the  "cooling  zone,"  the  cement  clinker  has  a 
temperature  of  about  1000^  at  the  exit  fra«  the  furnace. 

The  sequence  of  reactlcms  In  the  ranaatlon  of  cement- clinker 


minerals  reduces  in  approximation  to  the  following  in  cases  where 
calcium  is  introduced  into  the  mixture  in  the  form  of  Its  carbonate. 

When  the  mixture  has  reached  a  ten^perature  of  600-800^,  we  may 
.observe  a  certain  amount  of  carbonate  dissociation  and  very  slow, 

•HT-  . .  . 

practically  negligible  reactions  between  the  calcium  oxide  on  the  one 
hand  and  the  silica  and  sesquloxldes  on  the  other.  The  rate  of  these 
reactions  rises  noticeably  with  temperature,  and  Intensive  formation 
of  calcium  monoaluminate  takes  place  In  the  temperature^  range  from 
800  to  1000°,  so  that  when  the  mixture  reaches  1000°  all  of  the  alumina 
has  been  bound  in  the  form  of  CaO'AlgO^.  Here  the  quantity  of  the 
primary  calcium  silicate  formation  (the  orthosilicate  2Ca0*Si02)  is 
still  comparatively  small.  As  the  temperature  rises  progressively  to 
1200°,  the  calcium  monoaluminate  reacts  with  the  unreacted  lime  tO 
form  SCaO’SAlgO^  and  then  3CaO*Al202. 

As  was  shown  by  Torbpov  and  Dyuko  [2771,  reaction  of  the  calcium 
oxide,  with  the  ferric  oxide  begins  at  a  temperature  of  about  900°  with 
formation  of  bicalcium  ferrite  2CaO*Fe202  as  the  primary  product.  At 
a  temperature  of  1200°  and  slightly  above.  Intensive  formation  of  bi¬ 
calcium  silicate,  which  goes. to  completion  In  this  stage  of  the  pro¬ 
cess,  and  possibly  of  tetracalclum  alumlnoferrite  4Ca0*Al202*Pe202 
take  place. 

As  the  temperature  rises  to  1280-1300°*  completion  of  all  reac¬ 
tions  listed  above  takes  place,  although  the  excess  of  lime  remains 

free. 

Then  the  next  stage  of  the  process  Intervenes;  this  Is  sintering 
with  participation  of  the  liquid  phase,  which  provides  conditions  for 
reaction  between  the  blcalclum  silicate  and  the  lime  leading  to  the 
(  formation  of  3Ca0>S102* 

In  cases  where  gypsum  or  anhydrite  is  the  source  of  calcium  In 
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the  reaction  mixture  (so  that  carbon  will  also  be  introduced  in  some 
.form  or  another  Into  the  mixture),  the  cement-clinker  fortnatlon  pro¬ 
cess  consists  of  three  basic  stages: 

1)  reduction  of  calcium  sulfate  by  carbon  to  cal^t^^  sulfide; 

2)  reaction  between  the  calcium  sulfide  and  sulfate  with  forma¬ 
tion  of  calcium  oxide  and  sulfur  dioxide; 

3)  reaction  of  the  calcium  oxide  with  the  oxides  of  silicon, 
aluminum  and  iron  to  form  slllcat€;s,  ferrites,  and  alvunlnates  of  cal¬ 
cium  and  other  minerals. 

Each  of  these  stages  (which  were  studied  in  the  work  of  Zavadskiy 
I3l8]»  Royak  [320],  Slmanovskaya ,  Shpunt  [657],  the  authors  of  the 
present  aionograph  [317,  658]  and  certain  other  Investigators)  consists 
In  turn  of  a  number  of  physical  and  chemical  phenomena;  to  a  certain 
degree,  they  are  illuminated  in  the  references  cited  above.  Certain 
stages  overlap  In  tlsie. 

The  problem  ,^of  efficient  design  and  deliberate  control  of  the 
process  in  which  a  cement  with  specified  properties  is  made  (which  are 
determined  by  the  chemical  and  phase  composition  and  physical  struc¬ 
ture  of  the  cement  clinker  and  by  the  properties  of  its  vitreous  phase) 
naturally  requires  rigorous  control  of  the  reactions  discussed  above. 

Let  us  note  in  this  connection  that  not  all  compounds  that  may 
be  formed  on  firing  of  the  reaction  mixture  in  cement  production  possess 
adhesive  properties.  For  example,  the  silicate  of  composition  3CaO •25102 
(ranklnite),  which  may  be  produced  In  a  certain  quantity  simultaneously 
with  the  2Ca0*S102,  the  calcium  aluminosilicate  of  the  composition 
CaO'AlgO^ *23102  (anorthite),  which  appears  in  the  production  of  alumi¬ 
nous  cement,  are  lacking  in  these  properties.  Naturally,  the  content 
of  these  ccmfxwBids  In  the  cement  clinker  should  be  reduced  to  a  mini- 


The  adhesive  properties  of  certain  other  possible  con^onents  In  ■ 
cement  clinker,  such  as  helenite  2Ca0*Al20^«S102  and  the  ynodificat^Na 
of  calcium  orthosilicate,  depend  on  their  structure  and  the  hydration 
conditions.  Budnikov  and  Cherkasova  [6391  showed  that  helenite,  which 
was  previously  regarded  as  a  hydraulically  inactive  part  of  cements, 
undergoes  hydration  in  the  presence  of  Ca(0H)2  to  form  calcium  hydro* 
silicates  and  hydroaluminates,  and  in  the  presence  of  ions  in  the 
solution  to  form  calcium  hydrosulfoaluminate  as  well.  In  another  recent 
study  [660],  it  was  established  that  the  effectiveness  with  which  y- 
2Ca0*S102  is  hydrated  diminishes  considerably  in  the  presence  of  the 
B-modification  of  dicalcium  silicate,  and  in  the  presence  of  sesqui- 
oxides  in  the  initial  mixture.  In  the  absence  of  these  compounds,  the 
^•modification  of  2Ca0*S102  undergoes  hydration  in  much  the  same  way 
as  the  B-modlflcatlon  of  this  silicate.  The  activity  of  cement-clinker 
minerals  in  reactions  with  water,  particularly  for  such  Important 
minerals  as  alite  and  bellte,  depends  on  the  defect  nature  of  their 
structure.  Tung,  Butt  and  Timashev  [66I-663I  showed  that  from  this 
standpoint,  prolonged  sintering  at  moderate  temperature  is  less  ex* 
pedlent  than  raising  the  temperature  of  the  process;  long  holding 
eliminates  the  defects  that  the  crystals  acquired  in  the  process  of 
rapid  growth  and  homogenizes  their  structure;  this  naturally  results 
in  a  drop  in  their  activity. 

In  the  synthesis  of  alite  3CaO*S102»  the  third  calcium  oxide 
molecule  is  less  strongly  bonded  than  the  first  two.  Yung  and  TimasheV 
[661]  demonstrated  this  by  the  tagged-atom  method.  Synthesizing  alite 
by  two  possible  variants  of  the  process 

1)  2CaO  SiO,  +  CaO  »  — 2C#0-Sl0,.Ca0r», 

2)  2CaO'>-  SiO^  +  CaO  —  2CaO’>-  Si^-CaO 

(where  the  asterisk  indicates  radioactivity),  and  then  decoafmaljog; 
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the  minerals  obtained  at  temperatures  of  II75  and  2000°,  these  authors 
established  that  In  the  decomposition  of  SCao-SlOg.  the  lime  that  has 
been  added  to  the  dlcalclum  silicate  as  the  third  molecule  Is  liberated 
first. 

In  general,  the  proportions  among  the  minerals  of  cement  clinker  '■£ 
and  their  crystalline  structures  are  held  within  the  necessary  Hmlts 
by  strict  control  of  the  charge  composition  and  firing  conditions. 

Research  that  has  recently  been  done  in  this  direction  has  led  to 
new  Inferences  concerning  the  conditions  of  cement- clinker  mineral 
formation  and  to  the  development  of  techniques  for  producing  bonding 
materials  that  possess  valuable  technical  properties.  Thus,  Yiing, 

Butt  and  Tlmashev  [661,  664]  suggest  on  the  basis  of  study  of  calcium 
aluminoferrites  that  the  alumina  Is  not  simply  distributed  uniformly 
In  the  lattice  of  4Ca0*Al202*F^2®3  their  synthesis,  forming  a  more 
or  less  homogeneous  solid  solution  of  a  given  concentration,  but  zhj- 
talns  Its  order  and  its  structure  In  this  new  complex  lattice.  Ac¬ 
cording  to  communications  from  the  authors  of  [66I,  664],  given  an 
alumina  modulus  p  =  1.79,  the  formation  reaction  of  celites  may  be 
conceived  of  as  taking  place  between  appropriate  quantities  of  3CaO* 
•AlgO^  and  4ca0 *41202 ’PegO^-  The  formation  of  celites,  which  differ 
in  composition  from  the  4Ca0*Al202*Peg02  taken  as  a  basis  for  calcula¬ 
tions,  during  firing  of  the  clinker  requires  that  the  procedure  for 
computing  the  recipes  be  refined.  Since  mixtures  with  a  modulus  p  <  1.79 
contain  cements  that  are  more  highly  saturated  with  lime  (the  lime  the¬ 
oretically  belonging  to  the  trlcalclum  silicate),  the  actual  satura¬ 
tion  factor  of  the  mixture  Is  lower  than  Its  theoretical  value,  with 
the  result  that  the  actual  content  of  allte  in  the  clinker  Is  smaller. 

On  this  basis,  the  theoretical  value  of  the  saturation  coefficient  for 
certain  mixtures  might  be  Increased  above  unity  to  advantage. 
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Budnikov  and  Sologlubova  [665]  establlahed  that  when  a  mixture  of 
kaolin  with  chalk  (or  limestone)  Is  fired  at  1200^^  In  the  presence  of  ^ 
10%  of  gypsum,  the  result  may  be  the  so-called  white  cement  (with  a 
whiteness  factor  of  83-87),  which  consists  basically  of  CaO’AlgO^  and 
2Ca0*S102*  When  It  Is  ground  together  With  3%  of  anhydrite,  we  obtain 
a  mineral  that  possesses  an  ultimate  compressive  strength  of  373  kg/cm 
6  months  after  setting. 

The  qulck-settlr^  grade  8OO  high-strength  cement  developed  by 
Strelkov  [666]  contains  (In  %):  3Ca0‘S102  —  50  +  2,  SCaO'AlgO^  — 

8  +  0.3,  ^CaO'AlgO^'PeO^  —  10  +  0.3,  less  than  O.13  of  alkalis,,  2.75  + 
jh  0.23  of  SO^.  and  traces  of  free  CaO.  With  a  specific  surface 

2  <  vV-v, 

cm  /g,  a  cement  of  such  a  composition  that  also  contains  27.8%  of  d^: 
calcium  silicate  shows  compressive  strengths  of  400,  387,  703  and  82l 

p 

kg/cm  ,  respectively.  In  a  hard- consistency  mortar  after  1,  3,  7  and 
26  days . 

Tests  of  specimens  of  grade  800  cement  that  had  been  stored  under 
standard  conditions  showed  that  Its  strength  In  mortars  of  both  hard 
and  plastic  consistencies  Increases  In  time  up  to  1  year.  Thus,  the 

p 

strength  of  a  cement  having  an  activity  of  833  kg/cm  had  reached  the 

2 

very  high  value  of  970  kg/cm  after  1  year  [666], 

An  Important  problem  Is  that  of  the  physical  state  of  the  reacting 
substances  In  the  formation  of  cement  clinker.  It  is  now  generally 
known  that  at  the  maximum  firing  temperature,  no  less  than  23-33%  of 
the  Initial  quantity  of  the  reaction  mixture  Is  In  the  liquid  state; 
part  of  this  liquid  remains  uncrystallized  even  in  the  cooled  clinker. 

It  has  been  established  [667]  that  even  at  a  tei^perature  as  low  as 
1338°,  all  of  the  ferric  oxide,  about  70%  of  the  aluminum  oxide,  20% 
of  the  calcium  oxide  and  3%  of  the  silicon  dioxide  present  In  the 
mixture  of  these  oxides  corresponding  to  the  composition  of  Pojrtland 
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cement  Is  In  the  liquid  phase.  The  most  lmpo<«tant  reactions  forming 
the  minerals  of  cement  clinker  under  practical  conditions  take  place 
by  interreaction  between  the  liquid  and  crystalline  phases,  and  some 
of  these  minerals  (for  example,  ferrites,  trlcalcium  aluminate,  tri> 
calcium  silicate)^  form  directly  in  the  melt,  from  which  they  sul)se> 
quently  crystallize  [316,  '656,  66I-663,  667]. 

Bog  [667],  the  well-known  special ist  in  the  field  of  cement 
chemistry  and  technology,  regards  it  as  generally  acknowledged  at  the 
present  time  that  processes  of  fusion,  solution  and  precipitation 
are  more  important  for  the  production  of  cement  clinker  than  processes 
related  to  the  reaction  capability  of  the  solid  phases. 

In  view  of  this,  and  since  "the  principles  of  interaction  be¬ 
tween  a  solid  and  a  liquid  due  to  diffusion  are  similar  to  those  per¬ 
taining  to  interactions  between  two  solids  with  surfaces  in  intimate 
contact,"  he  assumes  that  in  considering  the  reactions  of  cement- 
clinker  mineral  formation,  we  may  specifically  disregard  the  physical 
state  of  the  latter  body;  it  is  sufficient  that  "one  reagent  is  always 
assumed  to  be  in  the  solid  state." 

Having  stressed  the  importance  of  the  position  accorded  by  Bog 
to  the  liquid  phase  in  the  above  reactions,  we  shall  not  dwell  in 
this  case  on  the  importance  of  analysis  and  deliberate  regulation  of 
the  part  that  it  plays,  since  these  problems  have  been  analyzed  in  de¬ 
tail  above  as  they  affect  all  reactions  in  ciystalllne  mixtures  in 
general . 

The  cement  clinker  obtained  in  practice  is  not  in  an  equilibrium 
state.  Three  causes-of  this  nonequilibrium  and  three  foms  that  it 
takes  can  be  noted: 

1)  the  incompleteness  of  the  reactions  between  the  residual  cal¬ 
cium  oxide  and  the  previously  formed  calcium  orthosilicate,  as  a  re- 
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;  ault  of  the  Inadequate  speed  of  these  reactions;  .  f 

2)  deviatlona  froa  equlllbrlun  crystallization  of  the  liquid  . 

•  phase  due,  to  the  usually  very  short  time  allowed  for  cooling  the 

ellnlcer  as  eoeq>ared.with  the  time  that  would  be  necessary  for  the 
equillbrlumocrystallizatlon  process;. 

3)  phase>eoBq>osltlon  nonuniformity,  which  gives  rise  to  various 
types  of  diffusion  z^sistances  to  the  attainment  of  heterogeneous 
equilibrium  (Isolation  of  individual  grains,  and  so  forth). 

The  above,  clrciimstances  sometimes  result  in  essential  departure 
of  the  actual  coBq>08itlon  and  properties  of  the  clinker  from  those 
e3q;>ected  on  the  basis  of  stoichiometric  calculations  and  laboratory 
testa. 

t 

I  The  formation  of  the  following  solid  solutions  exerts  a  consider- 

I  able  Influmce  on  the  processes  of  cement-clinker  formation  and  on 

f 

I  its  properties:  trlcalcliim  aluminate-trlcalcium  silicate  [668],  dl- 

i 

I  calcium  ferrlte-dlcalcium  alumlnate  [669-671],  pentacalcium  trialumi- 

1  nate-dlcalcium  ferrite-calcium  oxide  [672,  673],  tetracalcluro  alumino- 

I  ferrite-dlcalcium  ferrite  [653],  alkali-alumina-dlcalclum  silicate 

i  [602]  and  others. 

f 

The  gi*eat  Inqportance  of  mass  transfer  in  the  formation  reactions 
of  cement  clinker  and  the  limiting  of  their  rate  by  diffusion  phe¬ 
nomena  make  it  «:'^remely  important  to  regulate  them  with  the  so-called 
mineralizers  (see  §2  of  Chapter  7). 

In  practice,  calcium  fluoride  in  the  form  of  natural  fluorspar 
is  amst  widely  employed  as  an  accelerator  for  these  reactions.  In  the 
USSR,  the  first  experiments  in  its  use  were  conducted  as  long  ago  as 
1933  by  Makashev  and  Royak  [674,  6751.  Now,  as  a  result  of  the  investl- 
C  gatloas  of  Rcvsik,  Rakashev  [676],  Toropov  et  al.  [316,  409,  677], 

irtB^g  and Azelltskaya  1678]  and  many  other  authors  (see,  for  example. 
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[679'-68i]),  it  has  been  established  that  the  rate  o!^^silicate  fonnatlon 


and  the  rate  of  volatilization  of  the  alkaline  oxides  are  raised  con* 
j'alderably  in  the  presence  of  0.7>1.3^  of  fluorides,  x*eferred  to  the 
^meight  of  the  reaction  mixtux*e,  and  that  it  is  not  advisable  to  increase 
the  fluoride  content  greatly;  the  effectivenesses  of  various  accelera* 
tors  in  promoting  the  roasting  process  at  various  temperatures  have 
been  described,  the  lnqpoz*tance  of  the  structure  asli  vibcosity  of  the 
liquid  phase  (that  appears  in  the  presence  of  a  fluxing  mineralizer) 
in  determining  the  process  rate  has  been  pointed  out,  and  so  forth. 
However,  the  question  of  mineralizers  in  the  chemistry,  and  technology 
of  cements  is  nevertheless  the  least  studied  aspect;  this  is  due  chief¬ 
ly  to  the  Inadequate  development  of  the  general  theory  of  acceleratoirs 
for  reactions  in  solids. 

Let  us  note,  finally,  the  essential  Influence  of  fuel  cc»g>08ition 
and  gaseous  phase  (roasting  atmosphere)  on  the  direction  and  rate  of 
the  reactions  described  and  on  the  composition  and  properties  of  the 
clinker  produced.  Naturally,  the  ash  content  and  ash  composition  of 
the  fuel  (its  contents  of  RgO,  cannot  but  be  reflected  to 

some  degree  in  the  conditions  and  results  of  the  roasting  process. 

As  concerns  the  composition  of  the  gaseous  phase,  the  positive  influ¬ 
ence  of  water  vapor  in  it,  together  with  the  smallest  possible  quan¬ 
tity  of  oxygen,  is  a  known  fact.  Regulation  of  the  latter's  content 
within  strict  limits  is,  in  certain  cases,  the  most  important  condi¬ 
tion  for  successful  conduct  of  the  process,  as,  for  example,  was  estisb- 
llshed  by  Royak  [3^0]  in  his  time  in  the  production  of  cement  from 


gypsum. 

The  Influence  of  all  these,  factors  on  the  process  as  a  whole  can¬ 
not,  naturally,  be  fully  understood  and  deliberately  exploited  for 
practical  puiposes  without  profound  study  of  the  reactions  described 


above  and  the  conditions  for  conducting  them  in  practice. 


,  aoript 
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[Footnotes] 


a.  A.  Smolenskiy*  Izv.  AN  SSSR,  Ser.  Flz  [Bulletin  of  the 
Acad.  Scl.  USSR*  Physics  Series]*  16*  72o  (1932);  Usp. 
flz.  nauk  (Progress  In  the  Physical  Sciences]*  62*  No.  1* 

4l  (1957);  A.Q.  Ourevleh  and  V.A.  Isupov*  article  In  the 
collection  Pol\iprovodnlkl  v  nauke  1  tekhnlke  [Semiconductors 
In  Science  and  Technology]  (Edited  by  A.F.  Ioffe)*  Izd. 

AN  SSSR  [Acad.  Scl.  USSR  Press]*  195o. 

We  also  obtain  thd” properties  of  the  ceramic  plgaents  des» 
crlbed  by  S.Q.  Tumanov  (S.  0.  Tumanov*  articles  In  the  col¬ 
lection  Plzlkokhlmlchesklye  osnovy  keramlkl  [Physicochemi¬ 
cal  Bases  of  Ceramics]*  Promstroylzdat*  Moscow*  1956< 
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CONCLUSION 


As  a  result  of  numerous  research  studies,  science  now  has  at  its 
disposal  an  extremely  rich  body  of  rtai  a  on  reactions  In  solids  (the 
Information  presented  In  this  book.  It  goes  without  saying,  gives 
only  a  partial  representation  of  It).  On  the  basis  of  theoretical 
premises  and  experimental  data  of  tiie  chemistry  of  crystalline  solids, 
the  possibility  of  producing  an  enormous  number  of  diverse  technically 
Important  substances  by  reactions  in  crystalline  mixtures  has  been 
opened,  optimum  conditions  have  been  found  for  the  practical  conduct 
of  many  such  reactions,  and  technological  processes  have  been  devel¬ 
oped  and  realized  for  the  production  of  various  products  In  various 
branches  of  engineering. 

However,  life  and  practical  work  continuously  place  new  and 
serious  problems  before  the  investigators  in  this  field  of  knowledge. 

It  Is  known  that  the  grandiose  plans  for  the  development  of  our 
national  economy  require  the  creation  of  new  high-quality  refractory, 
structural  and  other  materials. 

\ 

The  seven-year  plan  now  being  Implemented  provides,  among  other 
things,  for  considerable  development  of  the  structural-materials 
Industry,  and  primarily  an  expansion  of  the  production  of  qulck-set^ng 
cement;  essential  development  and  intensification  of  the  metal lurglciSl 
and  chemical  Industries  (and.  In  particular,  of  the  coke-chemical  In¬ 
dustry)  Involving  Increased  output  and  quality  Improvements  for  high- 
refractory,  acid-resistant  and  other  similar  materials;  further  de¬ 
velopment  of  thermal-  and  electric-power  engineering  and  of  the  elec- 
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trle«l- engineering  and  radio-engineering  Industries,  semiconductor 
technique,  automation  of  production  processes,  which  require  con¬ 
siderable  improvement  and  development  of  the  production,  respectively, 
of  heat-  and  electrical- insulation  materials,  radioceramic  semiconduc;* 
tor  and  other  materials  obtained  by  reactions  in  crystalline  solids. 

Many  of  the  processes  being  used  in  Industry  and  based  on  reac¬ 
tions  in  solid  mixtures  require  radical  reworking  to  increase  their 
efficiency;  this  can  be  done  only  as  a  result  of  profound  understand¬ 
ing  of  their  nature  and  most  important  qualitative  laws.  These  pro¬ 
cesses  include  the  production  of  cement  clinker  and  a  number  of  re- 
fractory  materials,  roasting  nonferrous-metal  ores,  sintering  the 
charges  for  alumina  production,  and  many  others. 

Certain  new  fields  of  engineering  are  submitting  extremely  rigid 
requirements  for  refractory  materials:  they  must  possess  negligible, 
near-zero  porosity  and  stability  at  very  high  temperatuz*es  that  di¬ 
verge  widely  even  from  the  temperatures  normally  employed  in  metallur- 
gical  processes.  This  makes  it  necessary  to  create  new  materials  and 
develop  new  recipes  and  production  processes. 

Finally,  the  development  of  certain  new  high- efficiency  indus¬ 
trial  processes  requires  basically  new  solutions  to  problems  related 
to  the  conduct  of  reactions  between  solids  (suspension- layer  roasting, 
and  others). 

All  this  necessitates  further  profound  study  of  reactions  in 
crystalline  mixtures. 

It  will  be  appropriate  to  dwell  on  cez>taln  basic  problems  en¬ 
countered  in  this  study. 

Efforts  to  produce  Industrial  products  with  rigorously  prespeci¬ 
fied  chemical,  mechanical,  thermal,  optical  and  sometimes  electrical, 
magnetic  and  other  properties  make  it  necessary  in  the  case  of  crys- 

i , 
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talllne>mlxtuz*e  reactions  to  conduct  basic  research  Into  the  depending 
of  these  properties  on  the  chemical,  granulometric  and  phase  compo¬ 
sitions  of  the  initial  mixtiores,  on  their  crys^lllne  structure,  on.  ' 
the  structure  of  the  starting  materials  and  Intermediate  compounds’v  .on 
the  temperature  conditions  of  the  reaction,  and  so  forth. 

For  this  reason,  numerous  research  studies  are  Justifiably  being 
devoted  at  the  present  time  to  the  problem  of  the  product  propei^ties 
as  functions  of  the  factors  determining  them,  understanding  the  action 
of  these  factors,  and  establishing  control  over  them.  The  relationship 
between  the  properties  of  crystalline  solids  and  the  nature  and  con¬ 
centration  of  the  defects  present  In  them  occupies  a  central  position 
in  this  problem.  The  possibility  and  methods  of  sufficiently  rigorous, 
deliberate  control  of  the  properties  of  a  solid  by  varying  the  nature 
and  degree  of  disturbance  of  its  lattice  will  undoubtedly  become' the 
object  of  systematic  study  at  least  during  the  next  few  decades.  Tha 
theoretical  and  practical  importance  of  this  problem,  to  which  inad^ 
quate  attention  is  now  being  devoted,  will  hardly  require  any  further 

explanation.  ^ 

♦ 

Investigations  of  the  above  trend  Include,  among  others,  study 
of  the  processes  in  which  quick-setting  cements  and  various  types  of 
refractory  materials  are  pz^xluced. 

The  terra  "quick- setting"  is,  as  we  know,  applied  to  a  ceraent  that 
is  capable  of  developing  no  less  than  505^  of  its  28-day  strength  with¬ 
in  one  day  and  no  less  than  Sojf  of  this  strength  in  3  days.  The  value 
of  a  ceraent  possessing  such  properties  is  obvious.  At  the  present 
time,  the  production  of  prefabricated  reinforced- concrete  structures 
and  structural  elements  is  undergoing  intensified  development  in  the 
Soviet  QaiOB;  this  requires  large  quantities  of  cement  With  a  high 
eaoEGtj  strength. 


It  has  been  established  by  research  that  the  basic  condition  for 
producing  such  a  cestent  is  careful  regulation  of  the  mineraloglcal 
and  granulometric  composition  of  the  clinker.  The  influence  exerted  by 
certain  additives  on  the  setting  rate  of  cement  has  been  established 
'  experimentally.  However,  there  is  still  much  important  work  to  be  done 
in  this  direction. 

Forced  operation  of  metallurgical  and,  in  particular,  open-hearth 
furnaces  requires  that  the  stability  of  all  basic  structural  elements 
be  improved.  Investigation  related  to  this  problem  has  led  to  im¬ 
portant  helpful  results.  Thus,  the  introduction  of  thermostable  chromo- 
magnesite  brick  for  lining  the  hearths  of  open-hearth  furnaces  has 
made  it  possible  to  Increase  their  productivity  and  service  life  con¬ 
siderably.  However,  the  extremely  rigid  specifications  set'  forth  for 
the  furnace  components,  which  differ  for  different  elements,  are 
obliging  investigators  to  work  on  improved  quality  in  present  refrac¬ 
tory  materials  and  to  create  new  ones.  In  this  respect,  an  important 
role  is  apparently  in  store  for  the  forsterlte  refractories,  which 
are  highly  stable  under  the  operating  conditions  of  many  units  of  the 
open-hearth  furnace  and  whose  production  requires  raw-material  re¬ 
sources  of  which  our  country  has  an  inexhaustible  supply.  Consequent¬ 
ly,  persistent  study  of  the  processes  in  which  these  refractories  are 
made  and  ways  to  improve  their  quality  is  fully  Justified.  Studies 
have  been  initiated  in  this  field  to  assist  in  solving  the  important 
problem  of  raising  the  stability  of  all  open-hearth  furnace  elements 
for  Intensified  operation. 

One  of  the  most  important  problems  in  solid-state  chemistry  Is 
study  of  the  processes  in  which  new  high- refractory  materials  may  be 
produced.  It  is  known  that  such  oxides. as  MgO,  BeO,  Al^O^,  ZrO^, 

UO2  and  certain  others  serve  as  bases  for  the  successful  fonsablon  of 
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materials  that  undergo  virtually  no  changes  at  very  high  tenajeraturea. 
During  the  last  few  years,  striking  progress  been  made  Ih' this  1 
field.  Practically  important  Investigations  have  been  conducted  Into  ' 
the  processes  In  which  certain  crystalline  solids  possessing  the 
above  properties  are  produced.  v 

However,  the  theory  of  these  processes,  methods  for  controlling 
them  and  ways  to  regulate  the  properties, of  their  products  have  been 
the  subject  of  quite  Inadequate  study.  Only  spotty  information  Is 
presently  available  concerning  certain  reactions  In  systems  containing 
zlrconlvun  dioxide,  thorium  dioxide  and  uranium  dioxide.  Technique  Is  \ 
Inadequately  developed  and  theory  neglected  In  the  case  of  such  a 
promising  method  for  producing  high- refractory  materials  possessing 
great  density  as  hot  pressforming.  It  Is  therefore  necessary  to  prose¬ 
cute*  even  further  the  development  of  theoretical  and  experimental 
work  in  this  field,  including  studies  related  to  the  use  of  the  hot- 
pressforming  method  with  ci*ystalllne  solids. 

The  problems  of  complex  processing  of  raw  materials  and  the  uni¬ 
versal  use  of  readily  accessible  and,  if  possible,  local  forms  of 
raw  material  require  profound  study  of  ways  to  produce  refractory, 
adhesive  and  other  materials  from  substances  that  are  unused  or  little 
used  at  the  present  time  for  these  technological  purposes. 

Much  work  Is,  of  course,  being  done  in  this  direction,  but  the 
scale  on  which  It  is  being  done  is  still  lagging  behind  the  require¬ 
ments  of  the  economy.  The  problem  of  full  and  efficient  utilization 
of  local  limestones  and  clays,  natural  gypsum,  shales  and  also  such 
Industrial  wastes  as  metallurgical  slags,  phosphogypsum,  roasted  py¬ 
rites,  and  the  like  requires  a  considerable  expansion  of  research  In 
this  fl<:ld. 

The  most  laqportant  problems  of  the  study  of  Intersolld  reactions 


Includea  Investigation  of  the  rate  of  these  reactions  as  a  function 
of  the  factors  determining  it,  finding  methods  for  deliberato  and 
sufficiently  precise  and  dependable  control  of  it,  and  ways  for  radicial 

intensification  of  ret^iohs  between  solids. 

'  f  ' 

The  means  necessary  for  control  of  the  rate  of  such  reactions  are, 
as  we  know,  control  of  the  grain  size  of  the  initial  reagents,  of  the 
process  temperature,  and  of  the  content  of  the  various  additives  that 
accelerate  or  stabilize  the  process  In  the  reaction  mixture.  Proper 
utilization  of  each  of  these  tools  and  Justified  selection  of  various 
combinations  of  them  will  naturally  be  possible  only  from  profound 
understanding  of  the  basic  nature  of  their  action.  However,  the 
mechanism  by  which  many  accelerators  affect  these  reactions  —  partic¬ 
ularly  in  the  case  of  certain  accelerators  for  the  cement-clinker  pro¬ 
cess  —  has  not  been  definitely  ascertained  to  the  present  day.  Thus 
far,  no  general  rigorous  criterion  and  no  consistent  method  for  evalu¬ 
ating  and  comparing  the  performances  of  different  accelerators  have 
been  established.  Also  inadequately  studied  and  unclear  are  the 
mechanisms  of  many  crystalline-mixture  reactions. 

Deliberate  control  of  the  rate  of  a  process  naturally  pre¬ 
supposes  knowledge  of  the  laws  governing  its  variation  under  various 
conditions.  At  the  same  time,  the  laws  governing  the  variation  of 
reaction  rates  in  crystalline  mixtures  remain  neglected  by  research 
for  certain  conditions  (particularly  In  the  transitional  region,  when 
both  micro-  and  macroprocesses  exert  an  essential  influence  on  the 
process  rate).  «  ' 

The  inqportance  of  studying  the  mechanism  and  kinetics  of  reac¬ 
tions  in  mixtures  of  solids  under  various  conditions  becomes  par¬ 
ticularly  clear  in  the  light  of  these  statements.  Systosatic  studies 
in  this  direction  are  of  great  fundamental  t^heoretical  importance  and 


* 
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will  open  broad  vistas  for  the  practical  utilization  of  reactions  be* 
tween  solids.  ,  '  ^) 

Here,  It  Is  obvious  that  understanding  of  the  essence  and  quail-,  V 
tatlve  laws  of  reactions  in  cz^stal line- reagent  mixtures  will 


study  of  the  mechanism  and  qualitative  laws  of  all  of  .the  "elementi^JSt^ 

■'  '  '  '  '  \  ' 

processes  described  above  and  composing  these  reactions^  and  the  re-\.’ 
latlonshlps  between  them  under  practical  conditions.  ' 

During  the  last  few  years,  many  studies  have  been  carried  out  in 
the  field  of  polymorphic  transformations,  the  formation  and  decay  of 
solid  solutions,  diffusion  in  solids,  sintering  and  recrystalllzatlon. 
However,  the  theory  of  these  processes  has  as  yet  undergone  far  from 
adequate  development,  and  the  experimental  data  on  them  are  full  of 
basic  contradictions.  This  applies  In  particular  to  such  Important 
processes  as  sintering  and  polymorphic  transformations  (for  example, 
the  transformations  of  silica),  which  also  have  independent  techni¬ 
cal  significance. 

At  the  present  time,  we  may  encounter  in  the  literature  the  most 
widely  divergent  Judgments  as  to  the  nature  and  qualitative  laws  of 
the  processes  of  "dry"  and  wet  sintering  and  their  influence  on  other 
processes  that  take  place  when  crystalline  mixtures  are  heated.  Theare 
are  at  least  ten  theories  of  the  sintering  process.  The  validity  of 
none  of  them  has  as  yet  been  definitely  proven. 

The  part  taken  by  lattice  distortions  (including  the  relationship 
between  any  distortion  characteristic  and  the  self-diffusion  coeffi¬ 
cient)  remains  Inadequately  studied,  as  do  the  parts  taken  by  intpuri- 
tles  and  surface  diffusion  in  the  sintering  process,  its  characteris¬ 
tics  in  the  presence  of  pores  of  various  sizes  in  the  body,  and  the 
pattern  in  which  various  factors,  such  as  temperature  and  pressure,  in¬ 
fluence  it  simultaneously.. 


o 
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The  problem  of  the  Influence  of  coi^osltlon  and  properties  of 
.the  liquid  phase  on  the  mechanism  and  kinetics  of  liquid  sintering 
merits  further  theoretical  end  experimental  investigation. 

Deliberate  and  precise  control  of  conversion  processes  in  crys¬ 
talline  Biixtures  requires  profound  understanding  and  study  of  the 
mechanism  and  laws  of  all  stages  composing  these  processes.  This  re¬ 
quires  systematic  collaboration  among  chemists,  physicists  and  en¬ 
gineers. 

At  the  present  time,  this  work  has  come  up  against  serious  dif¬ 
ficulties  of  experimental  as  well  as  theoretical  nature.  In  the  ma¬ 
jority  of  cases,  the  researcher  has  no  way  of  determining  small  con¬ 
tents  of  Impurities  adsorbed  on  the  surfaces  and  in  the  bulk  of  solids, 
and  no  way  to  free  them  conq;>letely  of  these  Impurities:  known  methods 
of  chemical  analysis  and  purification  of  materials  are  Inadequate  for 
this  purpose. 

Existing  experimental  research  methods  also  limit  the  possibility 
of  detecting  small  structural  changes  and  small  quantities  of  new  (par¬ 
ticularly  liquid)  phases  in  the  objects  of  study.  Finally,  It  is  very 
often  isposslble  to  make  continuous  observation  of  changes  In  solids 
during  their  physicochemical  transformation  at  hied*  temperatures, 
either  directly  or  even  indirectly.  In  these  cases,  inferences  as  to 
the  course  taken  by  the  process  in  time  are  drawn  from  examination  of 
specimens  that  have  been  under  the  conditions  of  the  reaction  for 
various  intervals  of  time  and  then  cooled. 

The  importance  of  all  these  circumstances  and  the  possibility  of 
distorting  the  true  picture  of  the  process  are  unquestionable.  We  re¬ 
call  that  the  presence,  for  example,  of  very  small  amounts  of  lie-  ' 
parities  over  a  liquid  phase  in  the  system  is  capable  of  working  pro¬ 
found  changes  in  the  mechanism  and  kinetics  of  a  solid-mixture  reac-. 
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Inadequate  purity  of  the  starting  reagents  and  disregarding  (in 
Inferences  and  conclusions)  the  impurities  present  in  them  result,  aa 
we  know,  in  serious  errors  in  Judging  questions  of  reaction  mechanism 


In  solids.  .  >:  ■ 

Consequently,  the  development  and  use  of  sufficiently  rigorous 
and  dependable  methods  for  purifying  and  Investigating  the  solid, 
methods  that  enable  us  to  control  quantitatively  relatively  small 
(but  essentially  Important)  changes  In  Its  structure  and  phase  and 
chemical  composition  are  absolutely  necessary  for  further  research 
Into  crystalline-mixture  reactions. 

In  summarizing  all  the  above,  we  must  conclude  that  there  are 
still  many  unsolved  problems  confronting  us:  the  contemporary  state 
of  study  of  solid-state  reactions  requires  urgent  development  of  the¬ 
oretical  and  experimental  studies  in  this  field.  These  studies  will 
undoubtedly  contribute  to  successful  solution  of  many  problems  asso¬ 
ciated  with  the  most  important  tasks  of  progress  in  various  branches 
of  engineering. 
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